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LYLH zrunlqj0sdshuv r￿hu lq dgydqfh wkh uhvxowv ri hfrqrplf uhvhdufk xqghu zd| lq rughu wr hqfrxudjh d
glvfxvvlrq surfhvv ehiruh vhqglqj wkhp wr vflhqwl￿f mrxuqdov iru wkhlu ￿qdo sxeolfdwlrq1
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Pdufhw/ Iudqflvfr Pdukxhqgd dqg Ihuqdqgr Yhjd iru dgylfh/ vxjjhvwlrqv dqg khosixo glvfxvvlrqv1 L dp vshfldoo|
judwhixo wr Urehuw Oxfdv dqg Wkrpdv Vdujhqw iru jxlgdqfh dqg hqfrxudjhphqw1 Huuruv dqg gh￿flhqflhv duh plqh1
L dssuhfldwh wkh krvslwdolw| ri Xqlyhuvlwdw Srpshx Ideud zkloh L zdv grlqj p| uhvhdufk1 Wkh sdshu lv edvhg xsrq
p| Sk1G1 Glvvhuwdwlrq dw wkh Xqlyhuvlw| ri Fklfdjr1
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4SULYDWH H[SHULHQFH LQ DGDSWLYH OHDUQLQJ PRGHOV
Iholsh S￿uh}
DEVWUDFW
Khuh L surylgh d prgho wkdw jlyhv vrph lqvljkwv uhjduglqj txhvwlrqv derxw dfwxdo hfrqrplf
ehkdylru1 L wdnh dv d vrxufh iru vw|ol}hg idfwv wkh h{shulphqwv frqgxfwhg e| Pdulprq dqg Vxqghu dv
uhsruwhg lq Hfrqrphwulfd/ 4<<6/ lq zklfk lw lv vkrzq wkdw shrsoh lqlwldoo| gr qrw ehkdyh dffruglqj wr
wkh udwlrqdo h{shfwdwlrqvdvvxpswlrq/ exw hyhqwxdoo| ohduq wr gr vr1 L sursrvh d voljkw jhqhudol}dwlrq
ri wkh dgdswlyh ohduqlqj prgho lq rughu wr h{sodlq/ ehvlghv wkh orqj uxq htxloleulxp revhuyhg/ wkh
vwrfkdvwlf0olnh wlph sdwkv lq wkh djjuhjdwh yduldeohv1 Lq idfw/ wkh lqwurgxfwlrq ri khwhurjhqhlw|
lq sulydwh h{shulhqfh dffxpxodwhg ryhu wlph lq d vlpsoh dgdswlyh prgho zlwk ￿{hg ghflvlrq uxohv
lv vkrzq wr eh qhfhvvdu| dqg vx!flhqw wr jhqhudwh wkh frpsoh{ nlqg ri g|qdplfv suhvhqw lq wkh
h{shulphqwv1 Lq rxu yhuvlrq ri wkh Pdufhw￿Vdujhqw ROV prgho/ shrsoh fdq qrw eh xvlqj xvhixo
sxeolf lqirupdwlrq dydlodeoh/ exw rqo| sulydwh h{shulhqfh lqvwhdg/ zkhq wkh| gr sulfh iruhfdvwlqj1
Rwkhuzlvh/ zh zrxog qrw eh deoh wr h{sodlq wkh gdwd zlwk wklv prgho1 Wklv uhvxow vkhgv oljkw
rq wkh h{shulphqwdo uhvxowv/ lq wkh vhqvh ri vxjjhvwlqj d vwurqjhu ghjuhh ri erxqghg udwlrqdolw|
lq h{shulphqwdo vxemhfwv1 Lq dgglwlrq/ L surylgh h{dpsohv zlwklq wkh sursrvhg hqylurqphqw wkdw
lpsuryh xsrq wkh h{sodqdwru| srzhu ri h{lvwlqj dgdswlyh ohduqlqj prghov1
Nh| zrugv= Ohduqlqj/ H{shulhqfh/ Sduwlflsdwlrq1
54L q w u rgxfwlrq
Ohduqlqj prghov lq jdph wkhru| dqg pdfurhfrqrplfv kdyh ehhq ghyhorshg dv dq dowhuqdwlyh wr
prghov lq zklfk wkh ghflvlrq pdnhuv duh dvvxphg wr kdyh/ lq vrph vshfl￿f vhqvh/ wrr pxfk nqrzo0
hgjh dqg udwlrqdolw|1 Riwhq/ jdphv dqg hfrqrplf hqylurqphqwv kdyh frpsoh{ vhwwlqjv1 Wkh dfwlrqv
ri wkh djhqwv lqyroyhg/ lq wkh gh￿qhg htxloleuld/ uhtxluh frqvlghudeoh dprxqwv ri lqirupdwlrq derxw
wkrvh zruogv lq zklfk djhqwv dfw dqg lqwhudfw1 Lq dgglwlrq/ wkh vroxwlrq frqfhswv/ ru htxloleuld/
xvxdoo| uhtxluh kljk ohyhov ri frpsxwdwlrqdo delolw| e| wkh ghflvlrq pdnhuv/ zkr duh dovr dvvxphg
wr eh rswlpl}huv1 Ehvlghv wklv/ dgglwlrqdo sureohpv dvvrfldwhg zlwk wudglwlrqdo jdph wkhru| dqg
jhqhudo htxloleulxp prghov lqyroyh wkh lvvxhv ri pxowlsolflw| ri htxloleuld dqg htxloleulxp vhohfwlrq1
Ed|hvldq ohduqlqj prghov/ vxfk dv wkh rqh e| Ndodl dqg Ohkuhu +^;‘/^<‘/^43‘, fdq eh xvhg wr dgguhvv
wkh sureohpv ri htxloleulxp vhohfwlrq dqg ohduqlqj lq prghov zlwk ixoo| udwlrqdo djhqwv1 Exw wkh
vdph sureohpv/ wrjhwkhu zlwk wkh sureohpv ri h{fhvvlyh udwlrqdolw|/ fdq eh kdqgohg vlpxowdqhrxvo|
e| vrph ohduqlqj prghov zlwk erxqghgo| udwlrqdo djhqwv/ olnh wkh rqhv vxuyh|hg e| Vdujhqw +^4;‘,1
Wkh odvw nlqg ri prghov duh pruh vxffhvvixo uhjduglqj h{shulphqwdo gdwd1
Wkh exon ri wkhvh dqdo|wlfdo ohduqlqj prghov kdyh ehhq ghyhorshg zlwk d irfxv pdlqo| rq
frqyhujhqfh lvvxhv1 Olwwoh frqfhuq kdv ehhq jlyhq/ iru h{dpsoh/ wr wkh hfrqrplf phdqlqj ri wkh
vshfl￿f olplwv ru sv|fkrorjlfdo lqvljkwv uhjduglqj djhqwv dfwxdo ghflvlrqv1 Lq wkh phdqzkloh/ d erg|
ri hylghqfh kdv ehhq jdwkhuhg erwk rq wkh odfn ri udwlrqdolw| e| h{shulphqwdo vxemhfwv lq vshfl￿f/
vwdwlf vlwxdwlrqv +iru h{dpsoh lq ^44‘,/ dqg dovr rq ohduqlqj lq g|qdplf vhwwlqjv +dv lq ^5‘/ ^48‘ dqg
^4<‘/ iru h{dpsoh, erwk lq jdphv dqg jhqhudo htxloleulxp vhwwlqjv1 Wklv hylghqfh lq dfwxdo ohduqlqj
mxvwl￿hv wkh vwxg| ri frqyhujhqfh lvvxhv> qhyhuwkhohvv/ olwwoh kdv ehhq grqh wr pdwfk zlwk dqdo|wlfdo
ohduqlqj prghov vw|ol}hg idfwv rq wudqvlwlrqdo ohduqlqj shulrgv/ dv zhoo dv rq wkh vshfl￿f olplwv ri
wkh frqyhujlqj surfhvvhv1 Wkh vfdufh h{lvwlqj olwhudwxuh rq wkdw pdwfklqj lq jhqhudo htxloleulxp
prghov irfxvhv/ dv idu dv L nqrz/ rq wkh xvh ri ohduqlqj prghov zlwk uhsuhvhqwdwlyh djhqwv1
Rqh dwwhpsw dw pdwfklqj wkh ohduqlqj hylghqfh kdv ehhq pdgh e| Pdulprq dqg Vxqghu +4<<6,
+^48‘,1 Wkh| frqgxfwhg h{shulphqwv lq dq hqylurqphqw zlwkrxw h{rjhqrxv xqfhuwdlqw| lq rughu
wr revhuyh krz pxfk wkh gdwd uh hfwhg wkh udwlrqdo h{shfwdwlrqv k|srwkhvlv/ dqg wr dgguhvv wkh
sureohp ri pxowlsolflw| ri htxloleuld dqg htxloleulxp vhohfwlrq lq wkdw hqylurqphqw1 Wkh| iroorzhg
wkh uhvhdufk surjudp hvwdeolvkhg e| Oxfdv +^45‘,/ zkhuh lw lv frqmhfwxuhg wkdw ohduqlqj wkh udwlrqdo
h{shfwdwlrqv htxloleulxp zkhuh wkh fodvvlfdo prqhwdu| srolf| uhflsh +wr eh h{sodlqhg ehorz, zrunv
zloo rffxu ryhu wlph1 Dowkrxjk wkh| vxffhvvixoo| dgguhvv wkrvh sureohpv/ wkh nlqgv ri prghov sxw
iruzdug e| wkhp +ohduqlqj prghov zlwk djhqwv xvlqj doo sxeolf lqirupdwlrq= wkh Pdufhw￿Vdujhqw
dgdswlyh prgho, gr qrw fdswxuh doo wkh ihdwxuhv revhuyhg lq wkh h{shulphqwdo gdwd/ vxfk dv wkh
huudwlf rvfloodwlrqv lq djjuhjdwh yduldeohv1 Lq idfw/ wkhlu pdlq lqwhuhvw lv lq uhsruwlqj wkh revhuydwlrq
wkdw djhqwv duh qrw udwlrqdo/ exw vhhp wr ohduq wr ehkdyh udwlrqdoo| dqg wr fkrrvh wkh fodvvlfdo
udwlrqdo h{shfwdwlrqv htxloleulxp dv wlph jrhv rq1 Wkh jhqhudo remhfwlyh ri wklv sdshu lv wr ghyhors
dq dssursuldwh prgho wkdw doorzv xv wr ehwwhu xqghuvwdqg wkh frpsoh{lw| ri wkh ghflvlrq surfhvv
wkdw jhqhudwhv wkh ohduqlqj dqg huudwlf rvfloodwlrqv revhuyhg lq wkh h{shulphqwv dqg/ dw wkh vdph
wlph/ prgho hfrqrplf djhqwv ehkdylru wkdw pljkw eh suhvhqw lq pruh jhqhudo frqwh{wv1
Wkh Jhqhwlf Dojrulwkp +JD, kdv ehhq xvhg e| Dulirylf +^6‘, zlwk d vlplodu sxusrvh1 Dulirylf*v
6dgdswdwlrq ri wkh JD lqghhg uhsurgxfhv wkh huudwlf rvfloodwlrqv dqg htxloleulxp vhohfwlrq wkdw zh
zdqw wr pdwfk/ exw lw grhv vr e| dvvxplqj wkdw wkh lqglylgxdov lq wkh h{shulphqw duh olnh jhqhv
wkdw uhtxluh fuxfldoo| d nlqg ri lqwhudfwlrq zlwk rwkhu lqglylgxdov zlwklq d srsxodwlrq +furvvryhu/
hohfwlrq/ pxwdwlrq dqg uhsurgxfwlrq/ wkh w|slfdo rshudwlrqv ri wkh JD, wkdw lv qrw suhvhqw lq wkh
h{shulphqwdo ghvljq xqghu frqvlghudwlrq1 D surshu xvh ri wkh JD wr h{sodlq wkh g|qdplfv ri
wkh h{shulphqw dw kdqg zrxog uhtxluh wkh xvh ri d JD zlwklq wkh plqg ri hdfk lqglylgxdo/ dqg
wklv zrxog uhtxluh h{wudruglqdu| dprxqwv ri phpru| dqg frpsxwdwlrqdo delolw|/ txdolwlhv wkdw duh
w|slfdoo| odfnlqj lq h{shulphqwdo vxemhfwv/ dv ghprqvwudwhg lq rwkhu frqwh{wv1
L suhvhqw p| prgho dv dq Dgdswlyh Dojrulwkp +DD, dowhuqdwlyh wkdw uhtxluhv uhpdundeoh vlp0
solflw| lq wkh ghflvlrq surfhvv wkdw wdnhv sodfh lq wkh plqgv ri wkh lqglylgxdov dqg vwloo jhqhudwhv
wkh olplwv dqg nlqg ri frpsoh{ g|qdplfv revhuyhg lq wkh h{shulphqwdo gdwd/ zlwkrxw ylrodwlqj wkh
h{shulphqwdo ghvljq dqg zlwkrxw xvlqj wkh ihdwxuhv ri h{shulphqwlqj/ huuru ru fkdrwlf prghov41L q
idfw/ zkhq wkrvh lqglylgxdov xvh d vlpsoh frqvwdqw ghflvlrq uxoh wkdw wdnhv lqwr dffrxqw sdvw shu0
vrqdo h{shulhqfh/ zh jhw d prgho wkdw vx!flhqwo| gholyhuv wkh ihdwxuhv wkdw d surshu k|srwkhwlfdo
dgdswdwlrq ri wkh JD zrxog surgxfh1 Lw lv wklv lqwxlwlyh zd| ri prgholqj ehkdylru wkdw srlqwv
wr dq lqwhuhvwlqj qhz lqwhusuhwdwlrq ri wkh udqgrpqhvv suhvhqw lq wkh h{shulphqwdo gdwd= ixuwkhu
erxqghg udwlrqdolw|1
Wkh nh| ihdwxuh wkdw L lqwurgxfh doorzv djhqwv wr dftxluh gl￿huhqw dprxqwv ri h{shulhqfh= Wkh|
pljkw qrw sduwlflsdwh lq wkh hfrqrp| lq hyhu| shulrg1 Wkh lqwxlwlyh lghd ri wklv sduwlflsdwlrq prgho
lv edvhg lq d uhdo￿olih +dv zhoo dv h{shulphqwdo ghvljq, ihdwxuh ri jrrgv pdunhwv zklfk rshudwh hyhu|
gd|= Vrph shrsoh jr wkhuh hyhu| gd|/ vrph hyhu| rwkhu gd|/ vrph zhhno|/ huudwlfdoo|/ hwf1 Exw hyhq
li shrsoh gr qrw jr hyhu| gd| wr pdunhw/ wkrxjk/ wkh| fdq revhuyh hyhu|gd| pdunhw￿fohdulqj sulfhv1
Qrz/ dowkrxjk wkh vl}h ri wkh pdunhw uhpdlqv urxjko| frqvwdqw ryhu wlph/ hdfk sduwlflsdwlqj shuvrq
lq wkdw pdunhw xvhv lglrv|qfudwlf kdelwv1 Vr/ hyhq wkrxjk wkh vl}h ri wkh pdunhw lv frqvwdqw/ lwv
frpsrvlwlrq lv qrw krprjhqhrxv lq pdq| srvvleoh zd|v1 Wkh glyhuvlw| ri h{shulhqfhv xvhg e| wkh
sduwlflsdwlqj djhqwv dorqh frxog srwhqwldoo| jhqhudwh/ hyhq li wkh| xvh wlph lqyduldqw ghflvlrq uxohv/
frpsoh{ g|qdplfv1 Wklv pljkw kdsshq/ iru lqvwdqfh/ li shrsoh fduhg pruh/ lq vrph vhqvh/ derxw
wkh lqirupdwlrq wkh| jhw zkhq wkh| dfwxdoo| jr wr wkh pdunhw/ wkdq iru wkh lqirupdwlrq wkh| duh
deoh wr johdq iurp wkh qhzvsdshuv/ vd|/ hyhq li wkdw lv qrw dq hqwluho| udwlrqdo ehkdylru iurp wkh
prghohu*v srlqw ri ylhz1
L lq idfw vkrz ehorz wkdw/ diwhu jxdudqwhhlqj fhuwdlq xqliruplw| dw wkh hfrqrp|￿zlgh ohyho lq
wklv iudphzrun/ dqg xqghu wkh dvvxpswlrq ri vlpsoh dgdswlyh uxohv/ wkh rqo| srvvlelolw| iru wkh
rxwfrph ri ghwhuplqlvwlf/ vprrwk wlph sdwkv lq wkh djjuhjdwh yduldeohv lq wklv w|sh ri hfrqrp|
lv wkdw hyhu| sduwlflsdwlqj djhqw xvhv rqo| sxeolf lqirupdwlrq zkhq kh ru vkh lv pdnlqj ghflvlrqv1
Dv d fruroodu|/ L dp deoh wr lqihu wkdw rqo| zkhq djhqwv idlo wr xvh doo wkh sxeolf lqirupdwlrq iuhho|
dydlodeoh wr wkhp/ wkhlu ghflvlrq uxohv surgxfh vwrfkdvwlf wlph sdwkv lq djjuhjdwh yduldeohv1 Lw
iroorzv wkdw wkh uhdvrq uhsuhvhqwdwlyh djhqw dgdswlyh ohduqlqj prghov gr qrw dssursuldwho| fdswxuh
wkh udqgrpqhvv revhuyhg lq wkh h{shulphqwdo gdwd lv ehfdxvh wkh| lpsolflwo| dvvxph wkdw djhqwv
4Rwkhu irupv ri khwhurjhqhlw|/ olnh wkh xvh ri gl￿huhqw lqglylgxdo ghflvlrq uxohv ryhu wlph e| wkh gl￿huhqw djhqwv
gxh wr h{shulphqwlqj/ xqlqwhqghg huuruv/ hwf1/ zloo dovr surgxfh wkh ghvluhg h￿hfwv1 Zkdw lv prvw suredeo| wdnlqj
sodfh lv wkh pl{wxuh ri h{shulphqwdwlrq/ rq wkh rqh kdqg/ dqg wkh xvh ri sulydwh h{shulhqfh/ rq wkh rwkhu1 Wklv
sdshu lvrodwhv wkh odvw dvshfw ri uhdolw|/ zklfk kdv dq lqwxlwlyh dsshdo/ dqg kdv qrw ehhq wdnhq lqwr frqvlghudwlrq
ehiruh1 Il{hg uxohv wkdw surgxfh fkdrwlf ehkdylru duh uxohg rxw e| wkh idfw wkdw wkh sdwkv duh qrw frqyhujhqw1
7xvh doo lqirupdwlrq dydlodeoh wr wkhp +ru sduwlflsdwh hyhu| gd|/ zklfk lv yhu| xqolnho|,1 Vr/ li
djhqwv xvh wkh sursrvhg prgho/ wkh h{shulphqwdo uhvxowv vkrz wkdw wkh| duh qrw rqo| qrw udwlrqdo
lq wkh vhqvh ri erwk ljqrulqj wkh ixwxuh dqg odfnlqj ghhs frpsxwdwlrqdo delolw|1 Lq rxu yhuvlrq ri
wkh Pdufhw￿Vdujhqw prgho iru h{dpsoh/ shrsoh gr qrw xvh uhyhdolqj sxeolf lqirupdwlrq dydlodeoh
iru iuhh/ exw sdvw sulydwh h{shulhqfh lqvwhdg/ uhjdughg +huurqhrxvo|, dv pruh uhohydqw iru wkhp/
zkhq wkh| pdnh ghflvlrqv wkdw d￿hfw wkhlu ixwxuh1 Wklv uhvxow vkhgv oljkw iru d srvvleoh dgglwlrqdo
lqwhusuhwdwlrq ri wkh h{shulphqwdo gdwd/ lq wkh vhqvh ri srlqwlqj wr d ixuwkhu ohyho ri erxqghg
udwlrqdolw| lq h{shulphqwdo vxemhfwv1
Lq rughu wr frpsohwh wkh slfwxuh/ L looxvwudwh xvlqj vlpxodwlrqv/ wkdw hyhq zlwk khwhurjhqhrxv
sduwlflsdwlrq/ rxu yhuvlrq ri wkh Pdufhw￿Vdujhqw prgho grhv qrw vhhp wr eh wkh prvw xvhixo rqh
iru fdoleudwlrq ri wkh huudwlf sdwkv revhuyhg lq wkh gdwd1 Wkh uhdvrq lv ehfdxvh wkh xqghuo|lqj
ghwhuplqlvwlf surfhvv lv vkrzq qrw wr eh ulfk hqrxjk wr surgxfh wkh ghvluhg ohyho ri rvfloodwlrqv=
lw lv prqrwrqlfdoo| frqyhujhqw diwhu d ihz lqlwldo shulrgv1 Wklv sureohp lv vroyhg e| lqwurgxflqj
ghflvlrq uxohv zkrvh xqghuo|lqj ghwhuplqlvwlf sdwkv pljkw eh prqrwrqlf ru rvfloodwru|/ ghshqglqj
rq wkh ohduqlqj udwh fkrvhq1 Dq h{dpsoh zlwklq wkh fodvv ri dgdswlyh prghov wkdw xvhv wkh ihdwxuh
ri sulydwh h{shulhqfh xvh dqg dovr h{klelwv rvfloodwru| sdwkv zkhq shrsoh duh krprjhqhrxv/ lv wkh
sursrvhg Gluhfw Vdylqjv Hvwlpdwlrq +GVH, prgho1 Lq wklv prgho djhqwv duh qrw pd{lpl}huv/ exw
dssur{lpdwh pd{lpl}dwlrq/ lqvwhdg/ lq d p|rslf zd|1 Wkh uxoh djhqwv xvh lv vlpso| wr lqfuhdvh
+ghfuhdvh, vdylqjv zkhq wkh suhylrxv vdylqjv ghflvlrq zdv wrr orz +kljk, h{0srvw1 Frpsdulvrqv
ehwzhhq wkh vlpxodwlrqv ri wkh Pdufhw￿Vdujhqw prgho zlwk khwhurjhqhrxv djhqwv/ dqg wkh GVH
prgho/ looxvwudwh judsklfdoo| wkh ehwwhu srwhqwldo ri wkh iruphu prgho iru fdoleudwlrq sxusrvhv1 Dw
wkh hqg ri wkh sdshu/ zh srlqw rxw wkh qhhg ri d pruh fduhixo vwxg|/ wdnlqj lqwr dffrxqw wkh dfwxdo
gdwd dqg pruh h{shulphqwdwlrq51
5 H{shulphqwdo Hylghqfh
Ehiruh jrlqj lqwr wkh prgho/ dqg iru wkh vdnh ri frpsohwhqhvv/ L zloo ghvfuleh wkh ghvljq dqg uhvxowv
ri wkh h{shulphqwv lq Pdulprq0Vxqghu ^48‘1 Wkh dxwkruv ghvljq dq h{shulphqw wu|lqj wr uhsolfdwh
wkh hqylurqphqw ri wkh vwdqgdug ￿dw prqh| Ryhuodsslqj Jhqhudwlrqv +ROJ, wkhruhwlfdo prgho1
Wkh| vhohfw d jurxs ri shrsoh wkdw uhpdlq wkurxjkrxw wkh gxudwlrq ri d jlyhq h{shulphqwdo vhvvlrq1
Lq hdfk shulrg ri wkh h{shulphqwv/ d vxejurxs lv vhohfwhg udqgrpo| iurp wkdw jurxs ri shrsoh wr
sduwlflsdwh lq wkh h{shulphqwdo dfwlylwlhv iru wzr frqvhfxwlyh shulrgv/ diwhu zklfk wkh| uhwxuq wr
wkh ruljlqdo jurxs wr dzdlw d qhz fkdqfh wr sduwlflsdwh1 Hdfk lqglylgxdo lq wkh srsxodwlrq uhpdlqv
iru wkh zkroh gxudwlrq ri wkh h{shulphqw/ lq iurqw ri d frpsxwhu whuplqdo/ uhfhlylqj lqirupdwlrq
dqg hqwhulqj rzq ghflvlrqv1 Gluhfw frppxqlfdwlrq dprqj h{shulphqwdo vxemhfwv lv qrw doorzhg1
Rqfh d vxejurxs lv vhohfwhg lq shulrg w/ hdfk phpehu lv surylghg zlwk dq hqgrzphqw z4 ri wrnhqv/
5Dq xqdyrlgdeoh uhtxluhphqw iru fdoleudwlrq ru hvwlpdwlrq lv wkh xvh ri gdwd rq lqglylgxdo ehkdylru/ xqiruwxqdwho|
qrw dydlodeoh iurp wkh h{shulphqwv uhihuuhg wr1
8zklfk zloo sod| wkh uroh ri frqvxpswlrq jrrgv1 Gxulqj wkhlu vhfrqg shulrg ri dfwlylw|/ wkh phpehuv
ri wkh vxejurxs zloo eh surylghg zlwk dq hqgrzphqw z5 ri wrnhqv/ dqg/ rqfh wkhlu wxuq lv ryhu/
wkh| zloo eh uhzdughg/ lq grooduv/ e| wkh txdqwlw| n+oq+f4
w,.￿oq+f5
w,,/ zkhuh n lv d jlyhq frqvwdqw/
dqg f4
w dqg f5
w duh wkh qxpehuv ri wrnhqv lqglylgxdov uhwdlq/ diwhu wudqvdfwlrqv/ dw wkh ￿uvw dqg
vhfrqg shulrgv ri wkhlu dfwlylw|/ uhvshfwlyho|1 Dowkrxjk wrnhqv fdqqrw eh wudqvihuuhg iurp shulrg
wr shulrg +wkh| duh shulvkdeoh jrrgv,/ iudqfv/ wkh prqh| lq wkdw hfrqrp|/ duh wudqvihudeoh1 Wkh
pdunhw fohdulqj sulfh lv vhw e| d phfkdqlvp wkdw dvnv |rxqj sduwlflsdqwv wr vxeplw k|srwkhwlfdo
wrnhq vxssolhv dw d qxpehu ri sulfhv1 Diwhu wkhvh k|srwkhwlfdo vxssolhv duh pdgh frqwlqxrxv e|
lqwhusrodwlrq +dqg vxemhfwv djuhh wr vxsso| dw wkh fruuhvsrqglqj lqwhuphgldwh srlqwv zkhq wkh ￿qdo
sulfh lv vhw, dqg djjuhjdwhg/ wkh htxloleulxp sulfh uhvxowv iurp lqwhuvhfwlqj wkdw vxsso| zlwk wkh
ghpdqg ri rog frqvxphuv dqg wkh jryhuqphqw1 Hyhu| djhqw lv lqiruphg ri wkh sulfhv wkdw kdyh
fohduhg wkh pdunhwv/ ehjlqqlqj dw wkh lqlwldo shulrg/ uhjdugohvv ri wxuqv ri sduwlflsdwlrq1
Wkh h{shulphqwdo uhvxowv vkrz wkdw lq dwlrq vhhpv wr frqyhujh ru wr vwd| durxqg wkh orz lq0
 dwlrq vwdwlrqdu| vwdwh +OVV, htxloleulxp1 Lq sduwlfxodu/ qr qrq0vwdwlrqdu| udwlrqdo h{shfwdwlrqv
htxloleulxp sdwk lv revhuyhg1 Wkhuh lv qr frqyhujhqfh wr wkh kljk lq dwlrq vwdwlrqdu| vwdwh +KVV,
hlwkhu/ frqwudu| wr wkh udwlrqdo h{shfwdwlrqv ROJ prgho suhglfwlrq wkdw wklv vwdwh lv vwdeoh1 Wkh
￿qglqjv duh edvlfdoo| frqvlvwhqw iru wkh 46 h{shulphqwdo hfrqrplhv1 Wrjhwkhu zlwk wkh judskv ri
wkh dfwxdo sdwkv/ wkh| suhvhqw wkh +qrq vwdwlrqdu|, sdwk wkdw zrxog rffxu lq wkh ROJ shuihfw
iruhvljkw prgho li wkh hfrqrp| vwduwhg dw wkh lqlwldo dfwxdo lq dwlrq/ dqg dovr wkh sdwk wkdw wkh
hfrqrp| zrxog iroorz li wkh djhqwv xvhg uhfxuvlyh ohdvw vtxduhv dv dq dgdswlyh uxoh iroorzlqj wkh
dfwxdo lqlwldo lq dwlrq +wkh Pdufhw0 Vdujhqw sdwk,1 Wkhvh judskv vkrz wkdw shrsoh pljkw eh xvlqj
vrph dgdswlyh ehkdylrudo uxoh/ dqg wkdw wkh uhfxuvlyh ruglqdu| ohdvw vtxduhv prgho uh hfwv pruh
wkh orqj uxq whqghqflhv ri wkh dfwxdo sdwkv/ frqwudu| wr wkh shuihfw iruhvljkw prgho/ hyhq wkrxjk
lw grhv qrw uh hfw wkh huudwlf xsv dqg grzqv ri wkrvh sdwkv1
6 Wkh Prgho
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Lq suhvhqwlqj wkh ehqfkpdun prgho/ dq ROJ prgho zlwk ￿dw prqh| dqg zlwkrxw h{rjhqrxv xq0
fhuwdlqw|/ rxu sxusrvh lv wr pdnh d vhoi0frqwdlqhg suhvhqwdwlrq zlwkrxw jrlqj lqwr doo wkh ghwdlov ri
vwdqgdug uhvxowv1 Lq hdfk shulrg/ q djhqwv frph wr sduwlflsdwh lq wkh hfrqrp| gxulqj wzr frqvhfx0
wlyh shulrgv1 Zkhq wkh| hqwhu/ wkh| lqwhudfw zlwk wkh q shrsoh wkdw hqwhuhg lq wkh suhylrxv shulrg1
Lw lv frpprq nqrzohgjh wkdw shrsoh zloo uhfhlyh z4 ri wkh rqo| jrrg lq wkh hfrqrp| lq wkhlu ￿uvw
shulrg ri sduwlflsdwlrq/ dqg z5 ri lw lq wkhlu vhfrqg shulrg1 Wkhuh lv qr surgxfwlrq ru vwrudjh
whfkqrorj| lq wkh hfrqrp|> lq dgglwlrq/ wkh devhqfh ri fuhglw pdunhwv pdnhv ￿dw prqh| wkh rqo|
dvvhw lq wkh hfrqrp| fdsdeoh ri glvwulexwlqj jrrgv lqwhu whpsrudoo| iru dq| jlyhq lqglylgxdo1
9Lq idfw/ wkh sdudphwhuv ri wkh hfrqrp| zloo eh vhw xs lq vxfk d zd| dv wr pdnh kljko| ghvludeoh
iru dq lqglylgxdo wr vdyh sduw ri klv hqgrzphqw lq wkh ￿uvw shulrg ri sduwlflsdwlrq1 Wkh rqo| zd|
wr gr wklv lq wklv hfrqrp| zloo eh wr vhoo lq h{fkdqjh iru prqh| sduw ri wkdw hqgrzphqw/ dw d
pdunhw ￿{hg sulfh1 Wkh djhqwv zkr zloo zdqw wr ex| wkrvh jrrgv duh wkh fxuuhqw rog shrsoh/ zkr
kdyh prqh| lq wkhlu kdqgv gxh wr wkhlu rzq sdvw vdylqjv ghflvlrqv/ dqg dovr wkh jryhuqphqw/ zklfk
lv dvvxphg lq wkh suhvhqw prgho wr lvvxh wkh dprxqw ri prqh| qhfhvvdu| wr ￿qdqfh/ dw wkh fxuuhqw
pdunhw sulfh/ d jlyhq uhdo gh￿flw lq wkdw shulrg1 Lq wkh nlqg ri htxloleuld wr eh gh￿qhg/ ￿dw prqh|
zloo jhqhudoo| kdyh ydoxh +wkh sulfhv ri jrrgv lq whupv ri prqh| zloo eh ￿qlwh,/ dqg |rxqj djhqwv
zloo eh deoh wr vdyh/ dqg wkhq frqvxph vdwlvidfwrulo| lq wkhlu rog djh1
Wr frpsohwh wkh ghvfulswlrq ri wkh nlqg ri hqylurqphqw L zdqw wr vwduw zlwk/ L zloo ￿{ z4 dqg
z5 vxfk wkdw z5 ￿ z41 Lq wklv sdshu wkh +frpprq nqrzohgjh, h{0srvw suhihuhqfhv iru lqglylgxdo l
ri jhqhudwlrq w duh uhsuhvhqwhg e| wkh xwlolw| ixqfwlrq oq+fl4
w ,.￿
loq+fl5
w.4,/i r u>/ zkhuh ￿
l 5 U. lv d
glvfrxqw idfwru/ dqg fl4
w >f l5
w uhsuhvhqw frqvxpswlrq lq wkh ￿uvw dqg vhfrqg shulrgv ri sduwlflsdwlrq/
uhvshfwlyho|1 Dv lw zdv vdlg lq Vhfwlrq 5/ wklv lv wkh uhzdug wkdw lq idfw lqglylgxdov zloo uhfhlyh dw
wkh hqg ri wkh vhfrqg shulrg/ ghshqglqj rq zkdw fl4
w dqg fl5
w.4 wkh| ghflgh dqg duh deoh wr krog1 Lw
lv dvvxphg wkdw wkh jryhuqphqw kdv wr edodqfh lwv exgjhw e| ￿qdqflqj hdfk shulrg d uhdo gh￿flw
shu |rxqj djhqw lq wkh hfrqrp| ri g wkurxjk vhljqrudjh/ hplwwlqj ￿dw prqh| wr gr wkdw1 Lq wkh
￿uvw shulrg/ zkhq w @3 / dq dprxqw k￿4 ri xqlwv ri prqh| lv jlyhq wr hdfk ri wkh q lqlwldo rog
shrsoh1
Wr gh￿qh wkh zhdnhvw irup ri htxloleulxp/ L zloo uhtxluh rqo| wkdw djhqwv vdwlvi| wkhlu exgjhw
frqvwudlqwv dqg wkdw pdunhwv fohdu1 L qh{w suhvhqw zkdw lv uhtxluhg lq wklv prgho iru wklv frqglwlrqv
wr krog1 Ohw +sw,4
w@3 eh d jlyhq sulfh surfhvv iru wkh ghvfulehg hfrqrp| lq vrph htxloleulxp1 Wkdw lv/
sw uhsuhvhqwv wkh dprxqw ri ￿dw prqh| dw zklfk rqh xqlw ri wkh jrrg lq wkh hfrqrp| fdq eh wudghg
lq wkh pdunhw dw shulrg w> w @4 >5>===1 Wkhq/ wkh jryhuqphqw*v edodqfhg exgjhw ri shulrg w lpsolhv
wkdw wkh lqfuhphqw lq shu0|rxqj djhqw prqh| vxsso| lq wkh hfrqrp|/ kw￿kw￿4/ htxdovwkh shu0|rxqj
djhqw qrplqdo gh￿flw lq wkdw shulrg dw wkrvh sulfhv/ swg/r u =k w￿kw￿4 @ swg>htxdwlrqzklfk>iruk￿4
jlyhq/ dqg iru doo gh￿qhv +kw,4
w@41 Lq idfw/ wkh prqh| wkdw zloo eh r￿huhg wr hdfk |rxqj djhqw ri
jhqhudwlrq w iru wkh sduw ri z4 wkdw kh zloo vdyh dprxqwv wr kw￿4/ zklfk uhsuhvhqwv zkdw hdfk rog
djhqw kdv dv klv vdylqjv/ soxv swg/ wkh qhz prqh| shu |rxqj djhqw wkdw wkh jryhuqphqw lvvxhv wr
￿qdqfh lwv shu0|rxqj djhqw gh￿flw1 Gh￿qh wkh shu0|rxqj djhqw*v uhdo prqh| vxsso| dw w dv pw>
wkhq/ iurp wkh suhylrxv htxdwlrq/ L kdyh wkdw/ iru / pw @
pw￿4
￿w . g>zkhuh￿w/ wkh udwh ri lq dwlrq
dw w lv gh￿qhg e| ￿w ￿ sw@sw￿41
Ohw vl
w eh wkh dprxqw ri uhdo vdylqjv ghflghg e| |rxqj djhqw l ri jhqhudwlrq w +vl
w ￿ z4 ￿ fl
w/
vr wkdw frqvxpswlrq lq wkh vhfrqg shulrg lv fl
w.4 @ z5 .
swvl
w
sw.4,/ dqg ohw vw eh wkh uhdo vdylqjv
shu fdslwd +shu0|rxqj/ ri frxuvh,1 Wkh pdunhw fohdulqj frqglwlrq lq wkh prqh| pdunhw lv wkhq
pw @ vw/ ehfdxvh vw uhsuhvhqwv/ dv zhoo/ wkh uhdo prqh| ghpdqg shu fdslwd lq wkh hfrqrp|1 Wkhq





:615 Xqfhuwdlqw| Vsdfh dqg Lqirupdwlrq Vwuxfwxuhv
Hyhq wkrxjk wkhuh lv qr h{rjhqrxv xqfhuwdlqw| vr idu lq wklv vhw xs/ htxloleulxp yduldeohv olnh
+sw,4
w@3 pljkw zhoo eh vwrfkdvwlf surfhvvhv/ rqo| e| wkh idfw wkdw lqglylgxdov pljkw pdnh duelwudu|
ghflvlrqv/ zklfk d￿hfw wkrvh yduldeohv1 Wkrvh ghflvlrqv pljkw ghshqg rq khwhurjhqhrxv ru hyhq
wlph ydu|lqj uxohv dqg eholhiv derxw ixwxuh sulfhv dqg rwkhu lqglylgxdov dfwlrqv1 Dw wklv vwdjh zh
frxog ohw ￿ eh wkh vhw ri ixqgdphqwdo xqfhuwdlqw| lq rxu hfrqrp|/ $ 5 ￿ ehlqj lqwhusuhwhg dvd
vhtxhqfh ri doo lq dwlrq udwhv dqg vdylqjv ghflvlrqv lq wkh hfrqrp| +dqg hyhu|wklqj wkdw ghwhuplqhv
wkhp,/ iurp shulrg 4 xs wr lq￿qlw|1 Hyhq zlwkrxw h{rjhqrxv xqfhuwdlqw|/ wkh devhqfh ri fuhglw
pdunhwv pdnhv nqrzohgjh ri ixwxuh sulfhv lpsrvvleoh/ lq sulqflsoh/ iru dq| jlyhq lqglylgxdo1 Lq
idfw/ dq| lqglylgxdo fdq kdyh gl￿huhqw sulruv rq ixwxuh sulfhv ru rq wkh zd| rwkhu djhqwv pdnh
wkhlu ghflvlrqv/ jhqhudwlqj lq wkdw zd| sulruv rq wkrvh ixwxuh sulfhv1
Zh qrz lqwurgxfh wkh prgho ri idplo| sduwlflsdwlrq1 Vr idu/ zh frxog kdyh wkrxjkw ri wkh
hfrqrp| dv iruphg e| d jurxs ri idplolhv/ hdfk ri zklfk kdg d phpehu sduwlflsdwlqj lq hyhu|
shulrg1 L zloo dvvxph wkdw/ pruh jhqhudoo|/ wkhuh lv d ￿{hg srsxodwlrq Q ri idplolhv lq wkh hfrqrp|/
exw qrw doo ri wkhp kdyh lwv phpehu sduwlflsdwlqj hyhu| shulrg1 Rqo| q idplolhv/ rxw ri wkh Q
dydlodeoh/ kdyh d phpehu ehlqj eruq dqg sduwlflsdwlqj lq wkh hfrqrp| dv |rxqj djhqwv dw hdfk
shulrg1 Lq sulqflsoh/ d idplo| fdq kdyh wzr phpehuv lq d jlyhq shulrg sduwlflsdwlqj lq wkh hfrqrp|/
rqh dv |rxqj dqg rqh dv rog> exw wklv pljkw qrw kdsshq/ dqg vr zh qhhg wr dvvxph Q ￿ q1D w
wkh ehjlqqlqj ri hyhu| shulrg/ q idplolhv duh vhohfwhg udqgrpo| e| qdwxuh iurp wkh Q dydlodeoh
rqhv/ vr wkdw hdfk idplo| lq wkh q vhohfwhg rqhv kdv dq r￿vsulqj wkdw zloo sduwlflsdwh dv |rxqj lq
wkdw shulrg61 ￿ zloo wkhq lqfoxgh/ lq dgglwlrq wr zkdw zdv vdlg deryh/ wkh lqirupdwlrq ri zklfk q
idplolhv duh vhohfwhg hdfk shulrg1
Ohw +￿l
u,4
u@4 eh wkh vwrsslqj wlphv surfhvv wkdw jryhuqv idplo|*v l wxuqv wr kdyh dq r￿vsulqj/
iru l @ 4>5>===>Q1 Vr/ iru h{dpsoh/ iru l dqg u jlyhq/ ￿l
u lv wkh udqgrp yduldeoh wkdw ghwhuplqhv
zkhq wkh u*wk wxuq ri d phpehu ri idplo| l wr sduwlflsdwh rffxuv1 Rqh frqglwlrq iru wkhvh yduldeohv
lv/ wkhq/ wkdw ￿l
u ￿ ￿l
p iru doo u>p @ 4>5===vxfk wkdw u?p 1
Ohw qrz +ul
w,4
w@4 eh wkh frxqwlqj surfhvv wkdw dffxpxodwhv wkh qxpehu ri wxuqv ri idplo| l/v r
wkdw ul
w vd|v wkh qxpehu ri wlphv wkdw d phpehu ri idplo| l kdv sduwlflsdwhg lq wkh hfrqrp| xqwlo
dqg lqfoxglqj wlph w1 Ohw xv gh￿qh wkh iroorzlqj lqglfdwru ixqfwlrq= iru doo D ￿ ￿/
4D+$, ￿
￿







/ li $ 5 ￿ lv wkh wuxh vwdwh ri wkh zruog/ dqg 4D+$,@4 / wkdw phdqv
6Dq dgglwlrqdo dvvxpswlrq/ pdgh lq ^48‘ iru wkh h{shulphqwdo ghvljq lv wkdw idplolhv jhw dvvljqhg/ zkhq wkh|
sduwlflsdwh/ d udqgrp glvfrxqw idfwru q& lq d vhw Eq￿cq2c￿￿￿cq?￿1 Lq rughu wr jxdudqwhh wkh h{lvwhqfh ri shuihfw
iruhvljkw htxloleuld/ lw lv dvvxphg wkdw doo wkh glvfrxqw idfwruv lq wklv vhw duh suhvhqw lq wkh h{0srvw xwlolwlhv hdfk
shulrg1 Lw wxuqv rxw wkdw wkh fdvhv lq zklfk q& lq udqgrpo| dvvljqhg surgxfhv wkh vdph nlqg ri ehkdylru lq wkh
h{shulphqwv dv wkh fdvhv zkhuh lw lv frqvwdqw1 Zh fdq wkhq frqfhqwudwh lq wkh odwwhu fdvh/ zklfk lv fohdqhu iru rxu
dqdo|vlv1 Lq h{dpsoh 4 ehorz wklv dvvxpswlrq lv uhod{hg wr lqfoxgh doo h{shulphqwdo fdvhv/ dqg zh looxvwudwh wkh
frqvhtxhqfhv1







Rxu vhwxs/ lqfoxglqj wkh vwrsslqj wlphv dqg frxqwlqj surfhvvhv/ lv d jhqhudo iudphzrun lq
zklfk zh fdq sxw wkh h{shulphqwdo ghvljq ri ^48‘1 Lq sduwlfxodu/ lw lv lpsrvhg wkdw ￿l
u ?￿ l
u.5/
iru l @ 4>5>===>Q> u @4 >5=== 1 Wklv lv vr ehfdxvh li dq djhqw sduwlflsdwhv dw w/ kh fdq qrw
ehjlq sduwlflsdwlqj djdlq dw w .4/ zkhq kh lv douhdg| suhvhqw dv dq rog djhqw/ ru dw w .5/ ehfdxvh
kh lv qrw doorzhg wr olyh wzr olyhv lq d urz1 Lw lv dovr uhtxluhg wkdw djhqw*v wxuqv wr sduwlflsdwh
eh lqghshqghqw ryhu wlph dqg dfurvv djhqwv1 Lq wkh h{shulphqwv/ rqo| hdfk uhvshfwlyh djhqw kdv
lqirupdwlrq derxw wkhlu rzq wxuqv wr sod|/ wkhlu glvfrxqw idfwruv/ dqg wkhlu lqglylgxdo ghflvlrqv1
Zlwk wklv lq sodfh/ L zdqw wr h{soruh wkh xvh ri sulydwh h{shulhqfh dv d srvvleoh h{sodqdwlrq ri
wkh ihdwxuhv lq wkh h{shulphqwdo gdwd qrw h{sodlqhg e| wkh prghov zlwk uxohv wkdw xvh rqo| sxeolf
lqirupdwlrq1
Hdfk idplo| kdv vrph lqirupdwlrq rq sdvw hyhqwv rffxuuhg rq ￿ = Il
w lv wkh vljpd dojh0
eud wkdw irupdol}hv wkh lqirupdwlrq dydlodeoh wr idplo| l ri jhqhudwlrq w/ iru doo idplolhv dqg
hyhu| w1 Ohw +S4
w >===>Sq
w ,4
w@4 eh wkh suredelolw| phdvxuhv ru eholhiv e| hdfk lqglylgxdo rq ￿1















lv wkh vsdfh wkdw vxppdul}hv wkh xqfhuwdlqw|/ lqirupdwlrq
vwuxfwxuh dqg djhqwv* eholhiv lq rxu hfrqrp|1 Zh zloo dvvxph wkdw S lv wkh suredelolw| glvwulexwlrq
rq ￿ wkdw jryhuqv idplo| sduwlflsdwlrq/ dqg wkdw S l
w frlqflghv zlwk S lq wkdw glphqvlrq/ iru doo >1
Uhjduglqj lqirupdwlrq/ zh zloo vd| wkdw i￿l
u ￿ wj5I l
w iru doo u>w @ 4>5>===> l @4 >5===>Q1
Wkh idfw wkdw/ iru d jlyhq wlph w/ i￿l
u ￿ wj5I l
w krogv iru hyhu| u phdqv wkdw dw hdfk shulrg ri wlph
w/ idplo| +ru djhqw, l nqrzv doo wkh wxuqv wkdw lw kdv kdg xs wr wkhq> lq rwkhu zrugv/ lw nqrzv dw w
li lwv u*wk wxuq kdv rffxuuhg ru qrw/ iru hyhu| u1 Zh zloo dovr vd|/ pruh irupdoo|/ wkdw hyhq li wkh|
gr qrw xvh lw/ idplolhv duh deoh wr revhuyh doo sdvw sulfhv dqg nqrz zkhq wkh| kdyh sduwlflsdwhg vr
idu dw hdfk gdwh=
Dvvxpswlrq 4 +IVW, Iru doo > /
Il
w @ ￿?u l
v>￿ v>v@ 4>5>===>wA =
Vlqfh wklv ihdwxuh holplqdwhv iurp wkh prgho doo xqfhuwdlqw| wkdw frphv iurp +sxeolf, lqirupd0












d vdv s d f hr iVxemhfwlyh Xqfhuwdlqw|1
E| wklv zh phdq wkdw li wkhuh lv d vwrfkdvwlf fkdudfwhu ri wkh htxloleulxp yduldeohv/ lw kdv wr frph
iurp lqglylgxdo vxemhfwlyh eholhiv dqg2ru dfwlrqv1
Uhjduglqj suhihuhqfhv/ L zloo dozd|v dvvxph yrq Qhzpdq￿Prujhqvwhuq xwlolw| ixqfwlrqv iru wkh
djhqwv lq wkh prghov suhvhqwhg/ wdnlqj iru judqwhg wkdw wkh dfwxdo h{shulphqwdo djhqwv L zdqw wr
prgho h￿hfwlyho| kdyh wkrvh nlqg ri xwlolwlhv/ dowkrxjk wkh| pljkw qrw dfw dv pd{lpl}huv1 Vr L zloo


































zkhuh z5 ￿ z4> 3 ?z 4 ?g / dqg/ iru >> ￿
l 5 U./ dqg +Il
w> Sl
w, duh uhodwhg wr ￿ dv ghvfulehg deryh1
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Wkh zhdnhvw irup ri htxloleuld zh frxog wklqn ri/ wkhq/ lq wklv iudphzrun/ duh surfhvvhv8
+￿w>v w,4
w@4 wkdw vdwlvi|/ iru doo > /v w @
vw￿4




w@￿w.4, lv eljjhu wkdq }hur1 Vlploduo|/ wkh vhfrqg lqhtxdolw| lq +616, lpsolhv wkdw wkh ￿uvw
shulrg frqvxpswlrq ri wkh vdph djhqw +fl4
w @ z4 ￿ vl
w, lv srvlwlyh1 Qrwlfh wkdw qrwklqj lv vdlg
derxw wkh zd| lq zklfk vl
w lv ghflghg e| wkh sduwlflsdwlqj djhqwv1 Wkh qh{w vhtxhqfh ri gh￿qlwlrqv
zloo khos xv wr sxw lq frqwudvw gl￿huhqw dvvxpswlrqv lq wklv uhjdug/ lq rxu vhdufk iru d uhdvrqdeo|
jrrg pdwfk ehwzhhq prghov dqg dfwxdo ehkdylru1 Vdylqjv ghflvlrqv e| lqglylgxdov lq idfw ghshqg
lq vrph zd|/ zklfk zh zrxog olnh wr eh deoh wr lghqwli|/ e| vrph ixqfwlrq il iru lqglylgxdo l ri
jhqhudwlrq w/ rq eholhiv/ lqirupdwlrq dqg rzq sdudphwhuv1 Htxdwlrqv +616, dqg +616, zrxog lpso|/
7Lq whupv ri frqvxpswlrq jrrgv/ wklv phdqv wkdw/ iru dq|//d q g￿/￿ M l/
.￿c|d,?ES￿￿












































| d ￿ 85￿
|oE/￿￿ lv wkh frqglwlrqdo suredelolw| glvwulexwlrq ri / jlyhq 5￿
|/d w/￿1 S￿￿
| lv nqrzq dw |/v rl wl v
phdvxudeoh zlwk uhvshfw wr 5￿
|1
8Wklv gh￿qlwlrq lv pdgh lq whupv ri EZ|￿"
|’￿1 Wr wudqvirup lw lqwr d gh￿qlwlrq lq whupv ri ER|￿"
|’f/ zh qhhg wr
dvvxph dq lqlwldo Rf1 Qrz/ vlqfh pdunhwv fohdu dw wlph | ’f / 6f ’ rf> dovr 6f ’ ￿f*Rfc￿ f ’ ￿3￿ n Rf_/













43wkhq/ wkdw wkh lq dwlrq surfhvv +￿w,4
w@4 ghshqgv/ xowlpdwho|/ rq wkhvh eholhiv/ lqirupdwlrq/ rzq dqg
dovr djjuhjdwh sdudphwhuv1















Dq dgglwlrqdo ohyho ri udwlrqdolw| zrxog eh suhvhqw lq dq htxloleulxp li djhqwv xsgdwhg wkhlu
eholhiv xvlqj Ed|hv uxoh/ irupdoo|/ li iru doo > dqg D 5 I> Sl














+$,> ;$ 5 ￿=
Wkh prvw frpprqo| khog dvvxpswlrq rq vwxglhg htxloleuld uhtxluh dq hyhq vwurqjhu ohyho ri
udwlrqdolw|/ wkh Udwlrqdo H{shfwdwlrqv dvvxpswlrq1 D Udwlrqdo H{shfwdwlrqv Htxloleulxp +UHH,




























w@4 wkhq vdwlv￿hv w.4 @
+f . 4, ￿ e
￿w>zkhuhe￿ ￿z4
￿z5 dqg f ￿ e ￿ g
￿z51 Wkh gl￿huhqfh htxdwlrq +616, iru +￿w,4
w@4 lq d UHH
lv uhsuhvhqwhg lq Iljxuh 41
Ghshqglqj rq wkh lqlwldo ￿w/ wkhuh duh xqfrxqwdeo| pdq| udwlrqdo h{shfwdwlrqv htxloleuld wkdw
vdwlvi| +616,/ xqghu vxlwdeoh frqglwlrqv1 Wkhuh duh wzr udwlrqdo h{shfwdwlrqv htxloleuld/ OVV dqg
KVV/ fdoohg vwhdg| vwdwh> ru vwdwlrqdu|/ lq zklfk wkh hohphqwv ri +￿w,4
q@4 duh frqvwdqw1 Ohw rqh ri
wkh frqvwdqwv eh ￿O/ dqg wkh rwkhu ￿K/ zlwk ￿O ?￿ K91 Wkh uhvw ri udwlrqdo h{shfwdwlrqv htxloleuld
duh fdoohg qrq0vwdwlrqdu|/ dqg kdyh wkh sduwlfxodulw| wkdw li iru dq| ri wkhp ￿4 5 +￿O>4,> wkhq
￿w $ ￿K1 Wklv lv zk| wkh htxloleulxp KVV lv fdoohg vwdeoh1 Wkh htxloleulxp OVV/ rq wkh rwkhu
kdqg/ lv qrw rqo| qrw vwdeoh lq wkdw vhqvh/ exw dovr kdv wkh surshuw| wkdw li/ iru dq| htxloleulxp
+￿w,4
q@4 / ￿4 9@ ￿O/ wkhq ￿w 9@ ￿O iru doo 1
Dq lqwuljxlqj dvshfw ri wkh udwlrqdo h{shfwdwlrqv htxloleuld lv wkdw dq lqfuhdvh lq g/ wkh shu0
|rxqj djhqw uhdo jryhuqphqw gh￿flw/ udlvhv/ rq wkh rqh kdqg/ ￿O/ exw orzhuv/ rq wkh rwkhu/ ￿K/
dqg ylfh0yhuvd1 +Zh fdq slfwxuh wklv e| wudqvodwlqj wkh judsk lq Iljxuh 4 grzqzdugv zkhq g
lqfuhdvhv1, Vr wkdw wkh suhvfulehg fodvvlfdo srolf| ri orzhulqj prqh| ￿qdqfhg jryhuqphqw gh￿flw
vhhnlqj uhgxfwlrq ri wkh lq dwlrq udwh zrxog ￿zrun￿ lq wkh suhvhqw vhwxs rqo| li wkh hfrqrp| lv lq
wkh orz lq dwlrq htxloleulxp/ zklfk lv wkh xqvwdeoh rqh1 Rq wkh rwkhu kdqg/ wkdw fodvvlfdo srolf|
ri orzhulqj wkh gh￿flw zrxog lq idfw lqfuhdvh lq dwlrq lq wkh orqj uxq li wkh hfrqrp| lv lq dq| rwkhu
htxloleuld/ zklfk duh/ lq vrph orvh vhqvh/ ryhuzkhoplqjo| pruh suredeoh wr rffxu1 L sxw zrun lq
txrwdwlrq pdunv ehfdxvh rqfh g kdv ehhq fkdqjhg wr g3 ?g / vd|/ wkh hfrqrp| pljkw qrw mxps
uljkw dzd| wr wkh qhz/ orzhu OVV+g3,1 Li wkh lqlwldo lq dwlrq iru wkh qhz UHH lv ￿O+g, 9@ ￿O+g3,/
wkh qhz surfhvv zloo frqyhujh wr KVV+g3,/ dqg lq dwlrq zloo ulvh/ qrw jr grzq/ lq wkh orqj uxq/ dv
9Zu ’ 2 dqg ZM ’￿ ￿D lq Iljxuh 41
44Iljxuh 4=
45fdq eh lpdjlqhg e| orrnlqj dw Iljxuh 41 Vr wkdw zh kdugo| kdyh d jxdudqwhh wkdw wkh srolf| zrxog
hyhu zrun/ hyhq li wkh hfrqrp| lv lqlwldoo| dw d OVV1
Lw lv ehfdxvh ri hfrqrphwulf hylghqfh uhjduglqj wkh uhodwlrqvkls ehwzhhq jryhuqphqw gh￿flw dqg
lq dwlrq/ wkdw ^45‘ vxjjhvwhg wr orrn dw gl￿huhqw nlqgv ri htxloleuld/ wkh rqhv lq zklfk wkh fodvvlfdo
srolf| uhdoo| zrunv/ lq rughu wr ￿w wkh gdwd1 Lw zdv vxjjhvwhg wkhuh wkh nlqg ri htxloleuld lq zklfk
djhqwv xvh ghflvlrq uxohv lq vxfk d zd| wkdw/ lq wkh orqj uxq/ wkh| ohduqhg erwk/ wr ehkdyh udwlrqdoo|
+dv li wkh| kdg 0uljkw0 eholhiv derxw ixwxuh lq dwlrq udwhv/ dqg wkh| shuiruphg pd{lpl}dwlrq ri wkhlu
xwlolw| ixqfwlrqv,/ dqg dovr wr vwd| ru eh dwwudfwhg wr wkh udwlrqdo h{shfwdwlrqv htxloleulxp lq zklfk
wkh fodvvlfdo srolf| zrunv1 Lw wxuqv rxw wkdw dgdswlyh ehkdylru surgxfhv vxfk nlqg ri htxloleuld/
dqg rqh h{dpsoh lv wkh Ohdvw Vtxduhv prgho sursrvhg e| ^46‘/ dqg xvhg lq ^48‘ wr h{sodlq wkh
h{shulphqwdo gdwd1 Wklv prgho kdv wkh vdph vwhdg| vwdwhv dv wkh UHH prgho:/ exw wkh OVV lv
+orfdoo|, vwdeoh lq wklv fdvh1 Vr vpdoo shuwxuedwlrqv lq g zloo surgxfh wkh ghvluhg h￿hfw rq orqj uxq
lq dwlrq1 Dowkrxjk djhqwv duh qrw udwlrqdo dw dq| jlyhq shulrg li wkh hfrqrp| grhv qrw vwduw dw
OVV/ shrsoh ohduq wr eh vr dv wlph jrhv rq1 Wkh sureohp zlwk vxfk d prgho lv wkdw wkh lpsolhg
wlph sdwkv ri lq dwlrq duh yhu| vprrwk dqg prqrwrqlf/ xqolnh wkh rqhv lq wkh h{shulphqwv;1
Zh duh ohg iurp rxu iruhjrlqj glvfxvvlrq wr wklqn wkdw/ dv zh kdyh gh￿qhg lw/ udwlrqdolw| dv0
vxpswlrqv rq djhqwv ehkdylru gr qrw vhhp wr h{sodlq revhuyhg ehkdylru uhjduglqj wkh olplw ri d
ohduqlqj surfhvv/ dv vxjjhvwhg lq ^45‘ dqg revhuyhg lq h{shulphqwdo gdwd1 Wkh dowhuqdwlyh nlqg ri
ehkdylrudo uxohv zh duh ohg qrz wr h{soruh/ fdoohg Dgdswlyh ohduqlqj uxohv/ lpso| wkdw djhqwv duh
erxqghgo| udwlrqdo lq wkh vhqvh wkdw wkh| gr qrw xvh wkh Ed|hvldq uxoh wr xsgdwh wkhlu eholhiv/ hyhq
wkrxjk wkh| fdq eh/ lq vrph fdvhv dw ohdvw/ pd{lpl}huv1 Qrz/ wkh nlqg ri dgdswlyh uxoh sursrvhg
lq Pdulprq￿Vxqghu wr h{sodlq wkh gdwd grhv qrw vhhp hqrxjk wr h{sodlq rwkhu dvshfwv suhvhqw lq
wkh ghflvlrq pdnlqj ri dfwxdo h{shulphqwdo vxemhfwv/ rwkhu wkdq wkh orqj uxq whqghqf|1 Iru wkdw
sxusrvh L xvh pruh jhqhudo yhuvlrqv ri wkdw nlqg ri uxoh/ dv ghvfulehg ehorz1
:Dv zh zloo vhh/ lq wkh Ohdvw Vtxduhv prgho xvhg lq ^48‘/ hyhu| djhqw pdnhv wkh vdph sulfh hvwlpdwlrq dqg ehkdyh
dv d pd{lpl}hu1 Vr lqvwhdg ri wkh dfwxdo lq dwlrq udwh Z|n￿ lq htxdwlrq +616, zh kdyh Ze
|n￿1 Xvlqj +614, zh jhw
r| ’ k￿￿ 3 ￿￿2Ze
|n￿1 Iurp +616, dqg dvvxplqj Ze
|n￿ ’ Ze
| ’ Z|n￿ +lq rughu wr vhh li wkhuh duh UHH vwhdg| vwdwhv,/
zh jhw wkh vdph fkdudfwhulvwlf htxdwlrq wkdw frphv iurp +616,1
;Lw lv zruwkzkloh wr srlqw rxw wkdw d Ed|hvldq nlqg ri ehkdylru frxog dovr surgxfh d ohduqlqj surfhvv wkdw zrxog
uhvxow lq frqyhujhqfh wr d -..1 Lq wklv uhjdug/ L zdqw wr srlqw rxw wkdw ^;‘/ ^<‘ kdyh d uhvxow/ vlplodu wr wkdw
ri ^8‘ wkdw olqnv Ed|hvldq htxloleuld zlwk udwlrqdo h{shfwdwlrqv htxloleuld wkurxjk Ed|hvldq ohduqlqj1 Dowkrxjk wkh
dgdswdwlrq ri wkhlu uhvxow wr rxu iudphzrun zrxog eh pdgh iru ￿qlwh dqg frqvwdqw udqjh iru Z|c / zklfk lv dq
lqdgplvvleoh uhvwulfwlrq lq rxu prgho/ zh frqmhfwxuh wkdw lw dssolhv/ hyhq zkhq Z| M +n lqvwhdg1 Lq wkdw fdvh shrsoh
zrxog ohduq erwk wr eh dqg wr eholhyh lq vrph udwlrqdo h{shfwdwlrqv htxloleulxp li wkh| duh pd{lpl}huv/ gr Ed|hvldq
xsgdwlqj/ dqg dovr kdyh ￿d judlq ri wuxwk￿ lq wkhlu lqlwldo eholhiv1 Qrz/ wkh vshfl￿f -.. wr zklfk wkh surfhvv
zrxog frqyhujh ghshqgv rq lqlwldo frqglwlrqv dqg lqlwldo eholhiv1 Wklv phdqv wkdw Ed|hvldq ohduqlqj ohdgv djhqwv wr
d -../ exw qrw qhfhvvdulo| +dqg yhu| lpsuredeo| lqghhg/ vlqfh wklv lv exw d vlqjoh rqh dprqj xqfrxqwdeo| pdq|
srvvlelolwlhv,/ wr wkh fodvvlfdo u77E0￿1 Dowkrxjk Ed|hvldq ohduqlqj lv xvhixo lq rwkhu frqwh{wv/ lq rxuv lw grhvq*w vhhp
dssursuldwh1
46617 Dgdswlyh Ohduqlqj zlwk Sulydwh H{shulhqfh
Wkh jhqhudo nlqg ri uxohv L dp jrlqj wr xvh lq wklv sdshu dv srvvleoh h{sodqdwlrqv ri uhdo ehkdylru
duh lqvwdqfhv/ dv vxjjhvwhg deryh/ ri dgdswlyh uxohv/ pdlqo| Ureelqv0Prqur w|sh ri dojrulwkp
+UPD,1 Wkh| duh ghvfulehg lq wkh iroorzlqj gh￿qlwlrq1 Khuh a ￿
l
w lv phdqw wr uhsuhvhqw wkh jurxs ri
sdudphwhuv ru wkh ixqfwlrq/ ghshqglqj rq wkh dssolfdwlrq/ ehlqj hvwlpdwhg dqg ohduqhg derxw e|
djhqw l/ dqg il lv klv ghflvlrq uxoh1 Ilqdoo|/ ￿w dqg P zloo eh phdqw wr eh wkh ohduqlqj udwh dqg
ohduqlqj uxoh/ uhvshfwlyho|/ xvhg e| djhqwv lq shulrg w1
Gh￿qlwlrq 4 Jlyhq wkh vwrsslqj wlphv surfhvv +￿l
u,4















/ dqg jlyhq a ￿
l




w@4 lv dq Dgdswlyh Htxloleulxp/ DH+%,/ li wkh iroorzlqj htxdwlrqv
krog iru doo >=
a ￿
l



















+￿4>￿5>===>￿w,/ dqg ixqfwlrqv P = U6 $ U/d q gil = U $ ^3>z4‘/ iru doo 1
Dv lw zloo ehfrph fohdu lq wkh h{dpsohv/ wkhvh nlqg ri ohduqlqj uxohv fruuhvsrqg wr d fhuwdlq
nlqg ri p|rslf eholhiv/ dqg/ lq d orvh vhqvh/ erxqghgo| udwlrqdo ehkdylru e| wkh djhqwv1 Qrwlfh
wkdw hyhq wkrxjk d idplo| pljkw qrw eh sduwlflsdwlqj/ lw pljkw vwloo eh hvwlpdwlqj wkh vdylqjv lw
zrxog ghflgh li lw zhuh sduwlflsdwlqj1 Dovr qrwlfh wkdw L dp irfxvlqj lq wkh fdvh zkhuh P dqg ￿w
duh frpprq dfurvv djhqwv/ zklfk phdqv wkdw doo djhqwv xvh wkh vdph ohduqlqj dojrulwkp1 Ilqdoo|/
il duh frqvwdqw ryhu wlph1 Wkhvh ihdwxuhv ri rxu dowhuqdwlyh prgho duh hqrxjk wr surgxfh zkdw zh
zdqw1
Lq jhqhudo/ +￿w>v w,4
w@4 lq dq DH lv d vwrfkdvwlf yhfwru surfhvv1 Qhyhuwkhohvv/ wkh iroorzlqj






















/ L phdq wkdw wkhuh h{lvw ixqfwlrqv


































= Wklv dvvxpswlrq pljkw eh
qdwxudo zkhq wkhuh lv d odujh srsxodwlrq ri sduwlflsdqwv dqg wkh glvwulexwlrq ri ghflvlrqv lv wlph
lqyduldqw1 Rwkhuzlvh lw lv d yhu| vwurqj +dqg xqqdwxudo, dvvxpswlrq/ exw lw wxuqv rxw wkdw lw lv
fuxfldoo| lpsolflw lq wkh yhuvlrq ri wkh ROV prgho lq ^48‘/ dqg lq hyhu| uhsuhvhqwdwlyh djhqw prgho1













Vlploduo|/ zkhq L vd| wkdw +￿l
w.4>a ￿
l
w>￿ w, $ P+￿l
w.4>a ￿
l





w>￿w,@ ￿ P+a ￿
l
w>￿w,/ iru d zhoo gh￿qhg ixqfwlrq ￿ P1






w>￿w, grhv qrw ghshqg gluhfwo| rq ￿l
w.4/ iru doo
l 5 i4>5>===>Qj1
Dvvxpswlrq 6 +XQL, 41 a ￿
l
























Wkh iroorzlqj sursrvlwlrq zloo doorz xv wr fduhixoo| vhsdudwh wkh gl￿huhqw vrxufhv ri udqgrpqhvv
lq rxu prgho/ vr wkdw zh fdq vwxg| wkhlu phdqlqj=
Sursrvlwlrq 4 Ohw +￿w>+vl
w,Q
l@4>vw,4
w@4 5 DH+,1 Wkhq/ iru duelwudu| qrq ghwhuplqlvwlf vwrsslqj
wlphv +￿u,4
u@4>+￿w>v w,4
w@5 lv ghwhuplqlvwlf li dqg rqo| li dvvxpswlrqv HVW dqg XQL krog1 Ixuwkhu0
pruh/ xqghu wkhvh frqglwlrqv/ a ￿
l




L zloo vnhwfk khuh wkh rqo| li sduw1 Vxssrvh wkdw +vw, lv ghwhuplqlvwlf dqg dvvxph frqglwlrqv
XQL krog/ exw HVW grhv qrw krog1 Wkhq/ gl￿huhqw hvwlpdwlrqv a ￿
l
w.4 zrxog uhvxow iurp gl￿huhqw
vwrsslqj wlphv +gl￿huhqw h{shulhqfh,1 Vlqfh wkh djjuhjdwh vw.4 ghshqgv rq wkh +udqgrp, vhohfwlrq/
lw zloo eh udqgrp/ d frqwudglfwlrq1 Wklv vkrzv wkdw zh fdq qrw kdyh ghwhuplqlvwlf +vw, zlwk sulydwh
h{shulhqfh xvh/ hyhq wkrxjk ￿uvw hvwlpdwlrqv duh frpprq dqg zh kdyh wkh djjuhjdwlrq xqliruplw|
frqglwlrq XQL 51 Qrz li rqo| XQL 41 grhv qrw krog/ wkh hvwlpdwruv a ￿
l
w.4 zloo/ djdlq/ eh gl￿huhqw/
dqg wlph ydu|lqj/ vlqfh suhylrxv hvwlpdwruv kdyh ehhq gl￿huhqw +lq vslwh ri xvlqj wkh vdph sxeolf
lqirupdwlrq dydlodeoh,1 Vlqfh wkh djjuhjdwh vw.4 ghshqgv rq wkh vhohfwlrq ri idplolhv/ lw zloo eh
udqgrp/ d frqwudglfwlrq djdlq1 Wkh fdvh zkhuh XQL 51 dorqh lv ylrodwhg rqo| pdwwhuv li il 9@ im
iru dw ohdvw d sdlu l>m/ vlqfh rwkhuzlvh lw lv wulyldo1 Hyhq wkrxjk a ￿
l
w.4 @ a ￿
m
w.4/ iru doo l>m/z hk d y h
wkdw wkh djjuhjdwh vw.4 ghshqgv rq wkh jurxs ri idplolhv vhohfwhg/ zklfk kdyh gl￿huhqw ghflvlrq
uxohv1 vw.4 lv wkhq udqgrp +zlwk d ￿qlwh udqjh lq wklv fdvh,/ d frqwudglfwlrq/ T=H=G=<
Sursrvlwlrq 4 lv d qhjdwlyh uhvxow= lw vkrzv wkdw h{wuhpho| vwurqj dvvxpswlrqv vkrxog eh phw
lq rughu wr holplqdwh udqgrpqhvv lq wkh wkhruhwlfdo sdwkv ri wkh djjuhjdwh yduldeohv1 Lq wkh vdph
orvh vhqvh h{suhvvhg ehiruh iru wkh suredelolw| ri rffxuuhqfh ri OVV lq d UUH/ lw lv h{wuhpho|
lpsuredeoh wkdw wkhvh frqglwlrqv duh phw lq dq| uhdo zruog vlwxdwlrq1 Qhyhuwkhohvv/ dv zh zloo vhh
<Wkh uljrurxv/ frpsohwh surri lv dydlodeoh xsrq uhtxhvw1
48ehorz/ wkhvh duh suhflvho| wkh dvvxpswlrqv lpsolflwo| pdgh lq wkh xeltxlwrxv uhsuhvhqwdwlyh djhqw
ohduqlqj prghov1 Lq d srvlwlyh zd|/ zh fdq lqwhusuhw wklv uhvxow dv vd|lqj wkdw lq dq hqylurqphqw
zlwk vwrfkdvwlf wxuqv/ li zh lpsrvh wkh qhfhvvdu| xqliruplw| rq wkh sod|huv dw wkh djjuhjdwh ohyho/
wkh rqo| ihdwxuh wkdw fdq surgxfh vwrfkdvwlf sdwkv iru vdylqjv dqg lq dwlrq udwhv lq wklv hfrqrp|/
lv wkdw djhqwv gr qrw xvh rqo| sxeolf lqirupdwlrq lq wkhlu ghflvlrq uxohv431 Wklv lghd lv pdgh suhflvh
lq wkh iroorzlqj
Fruroodu| 5 Ohw +￿w>+vl
w,Q
l@4>v w,4
w@4 5 DH+,1 Dvvxph wkdw/ iru duelwudu| vwrfkdvwlf vwrsslqj wlphv
+￿u,4
u@4/ frqglwlrqv 5 lq sursrvlwlrq 4 krog1 Wkhq/ li +￿l
w>a ￿w>￿w, $ P+￿l
w>a ￿w>￿w, 5 U ghshqgv
gluhfwo| rq ￿l
w iru dw ohdvw rqh l 5 i4>5>===>Qj/l qd w ohdvw vrph shulrg w 5 i4>5>===j/ +￿w>vw,4
w@4 lv
d +qrq0ghwhuplqlvwlf, vwrfkdvwlf yhfwru surfhvv1
Qrwlfh wkdw frqglwlrq XQL lq sursrvlwlrq 4 lv vdwlv￿hg li wkh lqlwldo frqglwlrqv duh wkh vdph iru
doo wkh sod|huv/ dqg wkh| doo kdyh wkh vdph ghflvlrq uxoh= il @ im iru doo l>m @ 4>5>===>Q>1V r
wkdw rxu vwrsslqj wlphv iudphzrun grhv qrw uho| lq khwhurjhqhlw| ri wkh phfkdqlvpv wkh sod|huv
xvh wr wdnh ghflvlrqv1 Qrz/ wkh rssrvlwh fdq kdsshq= li djhqwv xvh rqo| sxeolf lqirupdwlrq rq
wkhlu ghflvlrq uxohv/ dqg wkh xqliruplw| dw wkh djjuhjdwh ohyho frqglwlrq lv qrw phw/ wkhq vdylqjv
dqg lq dwlrq lq wklv hfrqrp| zloo eh vwrfkdvwlf surfhvvhv1 Wklv wlph/ udqgrpqhvv zloo ghshqg lq
khwhurjhqhlw| ri ghflvlrq uxohv/ uh hfwhg dw wkh djjuhjdwh ohyho1 Wklv lv wkh udqgrpqhvv wkdw frxog
eh holplqdwhg dxwrpdwlfdoo| li zh lpsrvhg vrph nlqg ri frqvwdqw glvwulexwlrq ri pdq| sduwlflsdqwv1
Pruh irupdoo|/
Fruroodu| 6 Ohw +￿w>+vl
w,Q
l@4>vw,4
w@4 5 DH+,1 Dvvxph wkdw/ iru duelwudu| vwrfkdvwlf vwrsslqj wlphv
+￿u,4
u@4/ frqglwlrq HVW lq sursrvlwlrq 4 krog1 Wkhq/ li dw ohdvw iru d sdlu l>m/ l>m 5 i4>5>===>Qj
a ￿
l












ghshqgv rq il 5i 4>5>===>Qj = ul
w @ ul
w￿4 .4j iru dw ohdvw rqh shulrg w 5 i4>5>===j/ +￿w>vw,4
w@4 lv d
+qrq0ghwhuplqlvwlf, vwrfkdvwlf yhfwru surfhvv1
Ri frxuvh/ wkh surfhvv zloo kdyh pruh udqgrpqhvv/ wdonlqj lq d orvh vhqvh/ wkh pruh lqglylgxdov
dqg2ru wlph shulrgv duh lqyroyhg lq wkh frqglwlrqv rq fruroodulhv 4 dqg 5/ lq jhqhudo1 Rxu glvfxvvlrq
sxwv xv lq d srvlwlrq wr vhh zk| uhsuhvhqwdwlyh djhqw ohduqlqj prghov/ olnh wkh rqhv lq ^48‘ duh qrw
dssursuldwh wr fdswxuh wkh vshfl￿f ihdwxuh ri udqgrpqhvv lqyroyhg lq wkh h{shulphqwv1 Li d vlqjoh
ohduqlqj dojrulwkp lv dssolhg wr h{sodlq wkh djjuhjdwh gdwd/ dv lq d uhsuhvhqwdwlyh djhqw prgho/
wkh jurxs ri dvvxpswlrqv XQL lq sursrvlwlrq 4 duh h￿hfwlyho| jxdudqwhhg wr eh phw1 Li/ rq wrs
ri wkdw/ wkh uhsuhvhqwdwlyh djhqw xvhv rqo| sxeolf lqirupdwlrq/ olnh lq dwlrq udwhv/ lq klv ohduqlqj
43Vwulfwo| vshdnlqj/ huudwlf rvfloodwlrqv duh qrw uxohg rxw e| ghwhuplqlvwlf sdwkv/ iru wkh sdwk fdq eh ghwhuplqlvwlf
exw fkdrwlf1 Fkdrwlf wlph sdwkv lq wkh shuihfw iruhvljkw fdvh duh uxohg rxw e| rxu xwlolw| ixqfwlrqv1 Wkh| duh
uxohg rxw dv zhoo lq rxu h{dpsohv ri wkh dgdswlyh fdvh e| rxu uxohv zlwk krprjhqhrxv djhqwv/ wr zklfk wkh prgho
frqyhujhv1 Fkdrwlf sdwkv duh uxohg rxw e| dq| dojrulwkp wkdw surgxfhv ohduqlqj/ ri frxuvh1
49dojrulwkp44/ frqglwlrq HVW ri sursrvlwlrq 4 lv phw1 Lw iroorzv wkdw/ rwkhu wkdq wkh udqgrpqhvv
lqkhuhqw lq wkh lqlwldo shulrg/ wkh wkhruhwlfdo surfhvvhv jhqhudwhg e| wkh dojrulwkp duh ghwhuplqlvwlf/
dqg wkh sdwkv ri lwv hohphqwv duh vprrwk +rwkhu wkdw wkh fkdrwlf fdvh/ zklfk lv qrw suhvhqw lq rxu
ixqfwlrqdo irupv,/ dv rxu vlpxodwlrqv h{hpsoli|1
Zh fdq dvn= lv +￿w>vw,4
w@4 ghwhuplqlvwlf li shrsoh xvh sxeolf lqirupdwlrq/ hyhq wkrxjk wkh a ￿
l
4*v
duh udqgrpB1 Zh frxog wklqn wkdw wkh udqgrpqhvv ri wkh lqlwldo frqglwlrqv frxog ghwhuplqh d
vwrfkdvwlf sdwk1 Wklv lv lq idfw wkh fdvh/ h{fhsw zkhq shrsoh sduwlflsdwh lq hyhu| shulrg/ dv zh
zloo vhh qh{w1 Wkh uhdvrq lv ehfdxvh zkhq shrsoh sduwlflsdwh dw gl￿huhqw wlphv/ wkh| dffxpxodwh
gl￿huhqw h{shulhqfhv/ dqg/ vlqfh wkh| xvh wkhp lq wkhlu ghflvlrq/ wkh lqlwldo udqgrpqhvv lv wudqvodwhg
wr iroorzlqj shulrgv yld wkh djjuhjdwlrq ri wlph ydu|lqj frpsrqhqwv1 Vlqfh wkh wlph sdwkv ri
+￿w>v w,4
w@4 lq wkh h{shulphqwv gr qrw orrn ghwhuplqlvwlf/ zh duh deoh wr frqmhfwxuh wkdw li wkh
djjuhjdwlrq frqglwlrq ri wkh sursrvlwlrq lv vrphkrz jxdudqwhhg e| wkh h{shulphqwdo ghvljq/ djhqwv
lq idfw xvh/ dw ohdvw lq sduw/ sulydwh lqirupdwlrq zkhq wkh| pdnh ghflvlrqv1 Exw wklv fdq rqo| krog
lq wkh fdvh zkhq gl￿huhqw udwhv ri dffxpxodwlrq ri h{shulhqfh +doorzhg e| wkh suhvhqfh ri udqgrp
sduwlflsdwlrq wlphv, duh suhvhqw dprqj wkh djhqwv1 Lq idfw/ dv d frpsohphqw wr sursrvlwlrq 4 zh
kdyh45=
Sursrvlwlrq 7 Ohw +￿w>+vl
w,Q
l@4>vw,4
w@4 5 DH+,1 Ohw ￿u+$,@u ;$ 5 ￿>u@4 >5>===1 Wkhq
+￿w>v w,4
w@5 lv ghwhuplqlvwlf1
Wklv uhvxow phdqv wkdw wkh idfw ri shrsoh xvlqj sulydwh h{shulhqfh dqg gl￿huhqw +dowkrxjk frq0
vwdqw ryhu wlph, ohduqlqj uxohv grhv qrw/ e| lwvhoi/ jxdudqwhh udqgrpqhvv lq wkh wlph sdwkv ri
djjuhjdwh yduldeohv1 Wkh wlph sdwkv ri wkrvh yduldeohv duh lq idfw vprrwk/ lq vslwh ri gl￿huhqw
+udqgrp, lqlwldo ghflvlrqv/ gl￿huhqw ghflvlrq uxohv/ dqg xvh ri sulydwh h{shulhqfh1 Vr wklv nlqg
ri khwhurjhqhlw| grhv qrw jxdudqwhh rxu remhfwlyh/ ohdglqj xv wr fohduo| dssuhfldwh wkh idfw wkdw
gl￿huhqw ohyhov ri h{shulhqfh dffxpxodwhg +pdgh srvvleoh e| gl￿huhqw sduwlflsdwlrq wlphv lq wklv
frqwh{w, duh hvvhqwldo wr surgxfh wkh ghvluhg huudwlf rvfloodwlrqv1
7 H{dpsohv
Wr looxvwudwh rxu prgho/ L zloo vkrz vrph h{dpsohv dqg vlpxodwlrqv1
44Wkh uhsuhvhqwdwlyh djhqw lv dq djjuhjdwh/ dqg lwv frpsrqhqwv fdq kdyh gl￿huhqw h{shulhqfhv/ dv lq frqglwlrqv
iru fruroodu| 41
45Wkh irupdo surri +dydlodeoh xsrq uhtxhvw, ri wklv reylrxv idfw/ rplwwhg khuh vlqfh lw lv rqo| errnnhhslqj/
glvhqwdqjohv wkh vwrfkdvwlf fkdudfwhu ri wkh ￿. lq d uhyhdolqj zd|/ kljkoljkwlqj iurp d gl￿huhqw shuvshfwlyh wkdq
sursrvlwlrq 4/ wkh vdph lqwxlwlyh jhqhudol}dwlrq ri wkh krprjhqhrxv fdvh lqyroyhg lq rxu prgho1
4:714 H{dpsoh 4= ROV Ohduqlqj
Wkh ￿uvw h{dpsoh ri dq dgdswlyh htxloleulxp lv wkh fruuhvsrqghqfh ROV/ lq zklfk lq dwlrq hv0
wlpdwlrq lv pdgh e| Uhfxuvlyh Ruglqdu| Ohdvw Vtxduhv/ dqg djhqwv ehkdylru lv edvhg rq wkh
eholhi wkdw wkh hvwlpdwlrq lv fhuwdlq wr rffxu/ iru sxusrvhv ri xwlolw| pd{lpl}dwlrq1 Lq idfw/ lq
dq hfrqrp| 5 ￿IVW/ ohw ￿
h>l
w.4 eh wkh hvwlpdwhg lq dwlrq iru w . 4 e| djhqw l dw wlph w/ edvhg
rq suhylrxv ydoxhv ri ￿w/ dqg ohw +￿
h>l
w.4, @4iru doo Sl















w/ lv phdvxudeoh zlwk uhvshfw wr Il
w1
Li zh dvvxph wkdw djhqwv duh pd{lpl}huv/ wkhq wkh htxloleuld wr eh jhqhudwhg lq wklv h{dpsoh
zloo eh pd{lpl}lqj htxloleuld1 Ri frxuvh/ vlqfh ￿
h>l
w.4 9@ ￿w.4 lq wklv fdvh/ lq jhqhudo/ +=, 9@ Sl
3+=n,/ vr
wkdw wkrvh htxloleuld fdq qrw eh Ed|hvldq1 Djhqwv duh qrw udwlrqdo/ lq wkh vhqvh wkdw wkh| gr qrw gr
Ed|hvldq xsgdwlqj> lq idfw/ idplolhv lq ixwxuh wlphv zloo frqwlqxh wr dfw/ lq wklv h{dpsoh/ dv li wkh|
eholhyhg eolqgo| lq wkhvh vshfl￿f nlqg ri suhglfwlrqv/ hyhq wkrxjk doo suhylrxv idplo| suhglfwlrqv









lv fdofxodwhg lq wkh iroorzlqj zd|= sw.4 @ ￿sw lv eholhyhg wr eh wuxh/ dqg ￿ lv hvwlpdwhg e|46
a ￿l>w.4 @ a ￿l>w. 4
+w.4, a U
￿4
w.4sw￿4+sw￿a ￿l>wsw￿4, a Ul>w.4 @ a Ul>w. 4
+w.4,
￿
+sw￿4,5 ￿ a Ul>w
￿
>zlwka ￿l>4 @ a Ul>4 @
3> 1 Wkhq/ li s
h>l
w ￿ a ￿wsw￿4/ ￿ s
h>l








w / zh kdyh/ lq idfw/ wkdw ￿
h>l
w.4 @
a ￿w=Vlqfhdwwlphwdoowkhlqirupdwlrqrqsdvwsulfhvlvsxeolfo|dydlodeohdqga ￿l>4 @ a Ul>4 @3 >/ zh kdyh
wkdw a ￿l>w @ a ￿m>w ￿ a ￿w dqg a Ul>w @ a Um>w ￿ a Uw>l9@ m> l>m @4 >5>===>q/ vr wkdw wkh ydoxh ri ￿
h>l
w.4/
gh￿qhg wr eh ￿h
w.4 dqg fdofxodwhg e| wkh deryh htxdwlrqv/ lv frpprq dfurvv djhqwv zlwk d wxuq wr
sod| dw wlph w1 Dv lq wkh h{shulphqwdo ghvljq/ dvvxph qrz wkdw zkhq wkh q idplolhv duh vhohfwhg/
hdfk ri wkh hohphqwv ri wkh yhfwru +￿
4>￿
5>===>￿
q, ri glvfrxqw idfwruv lv dvvljqhg udqgrpo| wr wkh
gl￿huhqw idplolhv ri wkh vhohfwhg jurxs +ri vl}h q, lq txhvwlrq1 Lw wkhq iroorzv wkdw wkh dyhudjh












@ ￿z4 ￿ ￿z5￿
h
w.4> +4,
zkhuh ￿ dqg ￿ duh dv gh￿qhg lq htxdwlrqv +616,1 Xvlqj +616, lw wkhq iroorzv wkdw wkh htxloleuld zh
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Dowkrxjk il lv qrw frpprq dfurvv djhqwv/ vw ghshqgv rqo| rq +a ￿w>U w, wkurxjk ￿h
w.4/ e| +714,
dqg +4,/ edvhg rq frpprq sxeolf lqirupdwlrq1 Vlploduo|/ ￿w ghshqgv rq frpprq sxeolf lqiru0
pdwlrq/ e| +714,/ dqg vr/ dq| uhvxowlqj surfhvv +￿w>v w,4
w@4 5 ROV+, jhqhudwhg lq wklv h{dpsoh lv
ghwhuplqlvwlf/ vlqfh doo frqglwlrqv ri Sursrvlwlrq 4 duh vdwlv￿hg/ zhuh ROV+, phdqv wkh vhw ri doo
vxfk htxloleulxp sdwkv jlyhq d vshfl￿f hfrqrplf hqylurqphqw1 Dq| hohphqw lq ROV+, ghshqgv
fuxfldoo| rq wkh lqlwldo frqglwlrqv ￿4>v4>+vl
4,Q
l@4/ ehfdxvh wkh uhvw ri wkh +ghwhuplqlvwlf, sdwk fdq
eh hdvlo| jhqhudwhg e| wkh irupxodv deryh1 Zlwk wklv uhpdunv lq sodfh/ zh vwdwh wkh iroorzlqj





Sursrvlwlrq 8 Zlwk S l
w dv ghvfulehg deryh/ dq| surfhvv +￿w>v w,4
w@4 5 ROV+, frqyhujhv wr OVV+,1
Lq rwkhu zrugv/ jlyhq dq| lqlwldo frqglwlrqv +zlwklq d udqjh,/ wkh surfhvv ri lq dwlrq udwhv
jhqhudwhg e| djhqwv wkdw iruhfdvw wkrvh lq dwlrq udwhv e| zd| ri uhfxuvlyh ohdvw vtxduhv xvlqj
doo sxeolf lqirupdwlrq frqyhujhv wr wkh udwlrqdo h{shfwdwlrqv htxloleulxp lq zklfk wkh fodvvlfdo
prqhwdu| srolf| zrunv1 Qrwlfh wkdw zlwkrxw wkh frqvwdqw yhfwru ri glvfrxqw idfwruv dvvxpswlrq/
wkhuh lv qr zd| wkdw wkh surfhvv frxog frqyhujh wr d frqvwdqw> zlwkrxw wkdw dvvxpswlrq/ ￿ dqg ￿
lq +4, zrxog eh udqgrp/ dqg wkh surfhvv +vw, frxog rqo| frqyhujh/ dw prvw/ wr d udqgrp yhfwru wkdw
ghshqgv gluhfwo| rq gl￿huhqw srvvleoh frpelqdwlrqv ri glvfrxqw idfwruv dvvljqhg/ ghwhuplqhg e| zkr
jhwv wr sod| e| wkh vwrsslqj wlphv surfhvvhv1 Wklv lv zk| wkdw dvvxpswlrq/ zklfk lv wkh h{suhvvlrq
ri sduw 5 ri XQL iru wklv h{dpsoh/ lv hvvhqwldo lq wkh h{shulphqwdo ghvljq zkhq wkh glvfrxqw idfwruv
duh dvvljqhg udqgrpo|/ lq rughu wr eh deoh wr uhsolfdwh wkh frqglwlrqv ri wkh ehqfkpdun ROJ
prgho zlwkrxw h{rjhqrxv xqfhuwdlqw|1 Qrwlfh dovr wkdw wkh lqglylgxdo vdylqjv surfhvvhv pljkw
iroorz vwrfkdvwlf0olnh sdwkv1 Iurp wklv zh vhh wkdw lq jhqhudo/ wkh dvvxpswlrq wkdw zh qhhg/ lq
rughu wr suhvhuyh wkh prgho zh zdqw wr hpxodwh/ lv wr lqvxuh wkdw wkh djjuhjdwh vdylqjv kdv d
frqvwdqw ixqfwlrqdo irup uhodwlyh wr zkdw lqglylgxdov jhw wr sduwlflsdwh lq wkh gl￿huhqw shulrgv1
Wkdw dvvxpswlrq/ dw wkh vdph wlph ri suhvhuylqj wkh ROJ ehqfkpdun prgho/ doorzv xv wr lvrodwh
wkh uhohydqw dvvxpswlrq wkdw jhqhudwhv udqgrp rvfloodwlrqv lq rxu dqdo|wlfdo prgho dqg lq wkh
h{shulphqwv/ zklfk lv/ wkhq/ wkh ghshqghqf| ru qrw ri wkh ghflvlrq uxohv xsrq sxeolf lqirupdwlrq
dorqh1
Lq Iljxuh 5/ sdqho D/ L vkrz wkh uhvxow ri d vlpxodwlrq ri wkh sdwk ri djjuhjdwh vdylqjv ri d
ROV htxloleulxp1 Wkh hqylurqphqw lv dv ghvfulehg lq H{shulphqw 5 ri ^48‘1 Dv lw fdq eh vhhq/ wkh
sdwk frqyhujhv wr OVV dqg lv yhu| vprrwk dqg/ diwhu shulrg 43/ frqyhujhqfh lv hyhq prqrwrqlf1
Sduwlfxoduv derxw wkh vlpxodwlrqv duh jlyhq lq wkh Dsshqgl{1
Li/ dowhuqdwlyho|/ shrsoh xvhg rqo| wkh sulfh lqirupdwlrq wkh| h{shulhqfhg zkhq wkh| sduwlfl0
















w￿4,5 ￿ a Ul>w
￿l
4<Iljxuh 5=
53Qrwlfh wkdw khuh a ￿
l
w +dqg vl
w,l vf r q v wdqw ryhu shulrgv lq zklfk idplo| l grhv qrw sduwlflsdwh1 Hyhq
wkrxjk wkh idplo| lv deoh wr revhuyh dgglwlrqdo sxeolf lqirupdwlrq/ lw grhv qrw uhdfw wr dffrpprgdwh
lwv hvwlpdwruv derxw wkh ixwxuh xqohvv d qhz wxuq rffxuv/ dqg zkhq wkdw kdsshqv/ wkh hvwlpdwru
wdnhv lqwr dffrxqw rqo| sxeolf lqirupdwlrq wkdw rffxuuhg lq suhylrxv wxuqv1 Zlwk wklv yduldwlrq lq
wkh h{dpsoh/ dv P ghshqgv rq ￿l
w.4/ zh kdyh huudwlf wlph sdwkv1
Lq Iljxuh 5/ sdqho E/ L vlpxodwh dq hfrqrp| zlwk wkh vdph vwrsslqj wlphv dv lq sdqho D ri
wkh vdph ￿jxuh1 Khuh zh kdyh wkh yduldwlrq wr h{dpsoh 4 lq zklfk djhqwv dovr xvh ROV wr surmhfw
sulfhv/ exw xvh iru wkdw rqo| wkh lqirupdwlrq rq sulfhv wkdw rffxuuhg zkhq wkh| kdg wxuqv wr sod|
lq wkh sdvw1 Wklv lv dq xqqdwxudo dvvxpswlrq/ ehfdxvh lq wkh h{shulphqwv +dqg lq uhdo olih/ rqh
frxog vd|, shrsoh kdyh dffhvv wr doo klvwru| ri lq dwlrq udwhv1 Qhyhuwkhohvv/ wkh vlpxodwlrq vkrzv
wkdw li shrsoh uhdoo| xvh ROV/ dqg duh pd{lpl}huv/ wkh| kdyh wr xvh/ dw ohdvw lq sduw/ ru vrph ri
wkhp/ wkdw nlqg ri lqirupdwlrq/ lq rughu iru wkh sdwkv ri djjuhjdwh lq dwlrq wr eh huudwlf1
Zh wkhq vhh wkdw/ dowkrxjk wkh fkdudfwhulvwlfv ri ohduqlqj dqg htxloleulxp vhohfwlrq duh fdswxuhg
e| wkh ROV prgho/ wkh ihdwxuh ri xvlqj rqo| sxeolf lqirupdwlrq e| wkh djhqwv uhqghuv lw lqfdsdeoh ri
uhsurgxflqj wkh xqfhuwdlqw|/ ru huudwlf rvfloodwlrqv lq wkh wlph sdwkv w|slfdo ri h{shulphqwdo gdwd1
Wkh dvvxpswlrq wkdw djhqwv xvh ROV dqg rqo| wkh lqirupdwlrq wkdw wkh| h{shulhqfh surgxfh/ dw
vrph h{whqw/ wkh ghvluhg huudwlf rvfloodwlrqv/ dv vkrzq lq sdqho E ri Iljxuh 51 Exw wklv dvvxpswlrq
lv xqqdwxudo iru wkh phwkrg wkh| duh xvlqj/ wkrxjk/ vlqfh djhqwv revhuyh doo sdvw lqirupdwlrq rq
sulfhv1 Rq wkh rwkhu kdqg/ sulfh iruhfdvwlqj lv dq lqwhuphgldwh +qrw vr hdv|, vwhs wr gr vdylqjv
ghflvlrqv1 Lq dgglwlrq/ wkh judsk grhv qrw pdwfk yhu| zhoo wkh h{shulphqwdo gdwd/ dv fdq eh vhhq dw
￿uvw jodqfh1 Ehorz L suhvhqw wzr pruh h{dpsohv/ lq rughu ri frpsoh{lw| uhtxluhg/ lq zklfk djhqwv
pdnh gluhfwo| vdylqjv ghflvlrqv1 Wkh| lpsuryh lq lqwxlwlyh dsshdo/ ehfdxvh ri vlpsolflw| lq wkh
ghflvlrq uxohv/ dqg rq h￿hfwlyh vlplodulw| wr wkh h{shulphqwdo wlph sdwkv1
715 H{dpsoh 5= Qhzwrq Dssur{lpdwlrq Dojrulwkp
Wkh vhfrqg h{dpsoh ri dq dgdswlyh htxloleulxp lv wkh fruuhvsrqghqfh QDD/ zklfk vwdqgv iru
Vwrfkdvwlf Qhzwrq Dssur{lpdwlrq Dojrulwkp/ lq zklfk djhqwv/ dowkrxjk wkh| duh qrw udwlrqdo ru
dfwxdo pd{lpl}huv/ wu| wr hvwlpdwh wkh udwlrqdo vdylqjv fkrlfh wkdw pd{lpl}hv wkhlu xwlolwlhv e| zd|
ri xvlqj wkh dooxghg dojrulwkp/ dqg dovr wkh h{foxvlyh xvh ri wkhlu rzq sulydwh h{shulhqfh1 Khuh/
zkhq djhqw l kdv d wxuq wr sod| dw wlph w . 4/ kh wulhv wr hvwlpdwh qrw qh{w shulrg lq dwlrq udwh/
dv lq h{dpsoh 4/ exw udwkhu wkh vdylqjv udwh vl
w.4 vxfk wkdw
vl
w.4 5 dujpd{+￿ vl
w.4, Hl>w.4
￿￿














Wr gr vr/ kh hvwlpdwhv vl




































w.4,/ dqg wkh htxloleuld wr eh jhqhudwhg khuh zloo qrw eh Ed|hvldq1 Dowkrxjk wklv h{0
dpsoh vkduhv qrq￿udwlrqdolw| zlwk h{dpsoh 4/ khuh/ lq dgglwlrq/ djhqwv duh dvvxphg qrw wr eh
deoh wr pd{lpl}h wkhlu lpsolhg xwlolw|1 Lq idfw/ zkhq klv wxuq duulyhv dw wlph w . 4/ djhqw
l wulhv wr hvwlpdwh wkh vl








































































Wkhuh lv dq hfrqrplf lqwxlwlrq lqyroyhg lq wkh dssolfdwlrq ri wkh Qhzwrq dojrulwkp1 Shrsoh zdqw
wr dgmxvw lq wkh uljkw gluhfwlrq dqg dprxqw vdylqjv ghflvlrqv uhodwlyh wr wkhlu sdvw h{shulhqfhv/ jlyhq
wkhlu eholhiv1 Ohw xv vhh zkdw wkh dojrulwkp dgylvhv li/ lq klv odvw wxuq wr sod|/ djhqw l vdyhg wrr pxfk
uhodwlyh wr wkh dfwxdo lq dwlrq wkdw rffxuuhg lq wkh vhfrqg shulrg ri wkdw wxuq1 X4 lv ghfuhdvlqj
lq vdylqjv dw }hur/ dqg vr X4 lv qhjdwlyh lq wkdw vfhqdulr> X44 lv qhjdwlyh durxqg wkh rswlpdo v/l q
idfw dozd|v qhjdwlyh lq rxu fdvh/ vr wkdw ^X44‘￿4X4 lv srvlwlyh/ dqg wkhq/ ￿￿w^X44‘￿4X4 lv qhjdwlyh1
Wkh dojrulwkp wkhq dgylvhv wkh ghflvlrq￿pdnhu wr dgmxvw grzqzdug wkh suhylrxv vdylqjv ghflvlrq/
zklfk zdv wrr kljk1 ￿^X44‘￿4X4 vd|v krz pxfk wr dgmxvw/ zklfk lv rswlpdo lq vrph dssur{lpdwlrq
vhqvh/ dqg ￿w vfdohv ixuwkhu wkdw dgmxvwphqw1 Wkh rssrvlwh kdsshqv li wkh suhylrxv vdylqjv ghflvlrq
zdv wrr orz1













































w dv deryh/ gh￿qh QDD+, wr eh wkh vhw ri surfhvvhv wkdw vdwlvi| +715,￿+715,1



































47Lq zrugv/ wklv phdqv wkdw dw | n ￿/ zkhq idplo| ￿ lv jhwwlqj d wxuq wr sod| +￿￿
ol
w.4
’ | n ￿,/ lw eholhyhv wkdw qh{w
shulrg*v lq dwlrq/ Z|n2/ zloo eh wkh vdph dv wkh lq dwlrq wkdw rffxuuhg gxulqj wkh iroorzlqj shulrg wr wkdw zkhq lw
odvw kdg d wxuq wr sod|1 Wkdw odvw wxuq zdv ￿￿
ol
w




n￿1 Vlploduo| iru wkh glvfrxqw udwh/ lq wkh fdvh lw lv qrw frqvwdqw1 Khuh zh duh suhvhqwlqj gluhfwo| wkh fdvh zkhuh
djhqwv xvh sulydwh h{shulhqfh dv pruh uhohydqw1
55Lq jhqhudo/ d surfhvv +￿w>vw,4




w.4/ e| sursrvlwlrq 4/ dowkrxjk wkh djjuhjdwlrq dvvxpswlrq lv jxdudqwhhg iru wkdw surfhvv e|




q, jhwv dvvljqhg wr hdfk idplo|1 Lq dgglwlrq wr rewdlqlqj zkdw zh zdqwhg lq wklv
h{dpsoh/ huudwlf sdwkv ri wkh djjuhjdwh yduldeohv/ dqg lq vslwh ri qrq0udwlrqdo dqg qrq0pd{lpl}lqj
ehkdylru e| wkh djhqwv lq wklv hfrqrp|/ rxu vlpxodwlrqv vkrz frqyhujhqfh wr wkh uljkw +OVV, olplw/
olnh lq h{dpsoh 41
Lq Iljxuh 6/ sdqhov D dqg E/ L vlpxodwh wzr h{dpsohv ri djjuhjdwh vdylqjv sdwkv lq QDD
htxloleuld1 Wkh wxuqv ri sduwlflsdwlrq duh wkh vdph +dowkrxjk wkh lqlwldo frqglwlrqv duh gl￿huhqw, dv
lq Iljxuh 5/ zkhuh ROV htxloleuld duh vlpxodwhg/ dqg wkh hqylurqphqw lv/ djdlq/ dv lq h{shulphqw
5 ri ^48‘1 Zh fdq revhuyh wkh huudwlf rvfloodwlrqv lq Iljxuh 6/ sdqhov D dqg E/ dqg wkh frqyhujhqfh
wr wkh OVV htxloleulxp/ dv lq wkh h{shulphqwdo gdwd1 Wkh gl￿huhqfh ehwzhhq wkh wzr fdvhv lv wkh
ohduqlqj udwhv/ wkh jdppdv ri irupxod +715,/ dv lqglfdwhg lq wkh uhvshfwlyh sdqhov1 Wkdw gl￿huhqfh
vxjjhvwv wkdw wkh ohduqlqj udwhv duh dfwxdoo| d jurxs ri sdudphwhuv wr eh frqvlghuhg wr ￿w ehwwhu
wkh gdwd xvlqj fdoleudwlrq/ dv lq wkh exvlqhvv f|fohv olwhudwxuh481
716 H{dpsoh 6= Gluhfw Vdylqjv Hvwlpdwlrq
Wkh sxusrvh ri wklv h{dpsoh/ qdphg Gluhfw Vdylqjv Hvwlpdwlrq +GVH,/ lv wr vlpsoli| wkh do0
jheud frpsolfdwlrqv ri h{dpsoh 51 Khuh/ djhqwv qhhg pxfk ohvv dojheudlf delolwlhv lq rughu wr
pdnh ghflvlrqv1 Dv zh zloo vhh lq wkh vlpxodwlrqv sduw/ wklv vlpsol￿fdwlrq zloo qrw lpslqjh xsrq
wkh delolw| ri wkh prgho wr uhsurgxfh/ yhu| vlploduo| wr h{dpsoh 5/ wkh ihdwxuhv ri wkh h{shu0
lphqwdo hylghqfh1 Khuh/ zlwk wkh vdph eholhiv derxw lq dwlrq udwhv dv lq h{dpsoh 5/ djhqwv
dovr wu| wr hvwlpdwh gluhfwo| wkh vdylqjv udwh wkdw pd{lpl}hv wkhlu xwlolw|1 Exw lq wklv h{dp0
soh wkh hvwlpdwlrq lv grqh lq d pxfk vlpsohu zd|= vdylqjv duh dgmxvwhg xszdug li wkh suhylrxv
vdylqjv ghflvlrq lv frqvlghuhg wr eh vpdoohu wkdq wkh rqh wkdw zrxog kdyh pd{lpl}hg xwlolw|/












￿uw.4 ￿4 lv wkh dfwxdo/ h{ srvw/ pd{lpl}lqj vdy0
lqjv ri wkh suhylrxv sduwlflsdwlrq1 Wkh uhvw lv dv lq h{dpsoh 5491 Wkh wlph sdwkv duh vlplodu wr
48Lw lv wr qrwlfh wkdw lq wklv h{dpsoh dqg wkh qh{w rqh/ gl￿huhqwo| iurp wkh ￿u7 rqh/ gl￿huhqw lqlwldo vdylqjv
ghflvlrqv dorqh frxog surgxfh huudwlf wlph sdwkv1 Exw vlqfh vlpxodwlrqv vkrz lq wklv fdvh yhu| idvw frqyhujhqfh rqh
wkh rqh kdqg/ dqg wkh h{shulphqwdo gdwd hylghqfhv pruh shuvlvwhqfh wkdq wkdw lq huudwlf ehkdylru/ rq wkh rwkhu/
zh jxhvv wkdw pruh wkdq gl￿huhqw lqlwldo frqglwlrqv lv qhhghg lq wkhvh h{dpsohv lq rughu wr pdwfk wkh gdwd/ li
fdoleudwlrqv zhuh wr eh grqh1
49Zh frxog wklqn wkdw wkh djhqw pljkw qrw eh deoh wr fdofxodwh qrz r
￿c6
￿uw.43￿1 Kh pljkw/ lqvwhdg/ ￿jxuh vrphwklqj
olnh= ￿wkh suhylrxv pd{lpl}lqj vdylqjv vkrxog kdyh ehhq derxw ^￿
|n￿￿ zkhuh wklv qxpehu lv d vruw ri xqfrqvflrxv
jxhvv/ qrw dq h{solflw fdofxodwlrq/ jlyhq wkh phprulhv ri wkh dfwxdo sd|r￿1 Wkh prghohu frxog wklqn ri pdq| zd|v
wr uhsuhvhqw wkdw jxhvv1 Iru h{dpsoh/ lq wkrvh flufxpvwdqfhv/ ^￿





|n￿ M d3B￿cB ￿o/ B￿ : f lv d vpdoo/ +qrq udqgrp, qxpehu1 Lq wklv fdvh/ wkh dojrulwkp zrxog eh olnh wkh rqh deryh/
56Iljxuh 6=
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wkrvh ri h{dpsoh 5/ dv fdq eh vhhq e| frpsdulqj Iljxuh 7 zlwk Iljxuh 6/ sdqho E1
8 Ilqdo Uhpdunv
Iru vh vdnh ri euhylw| dqg vlqfh lw zrxog wdnh xv dzd| iurp wkh irfxv ri wkh suhvhqw sdshu/ zh
gr qrw ghdo zlwk wkh lvvxh ri frqyhujhqfh ri wkh DH surfhvvhv1 Vwdqgdug whfkqltxhv pd| eh xvhg
wr ghprqvwudwh wkdw wkh| frqyhujh wr wkh +sdudphwulf, OVV olplw1 Fkhq dqg Zklwh +^9‘/ ^:‘, kdyh
h{whqghg wkh dqdo|vlv ri frqyhujhqfh lvvxhv ri Urelqv0Prqur w|sh ri dojrulwkp/ olnh wkh DH/ wr
wkh fdvh ri udqgrp +qrq0sdudphwulf, olplwv1 Lq dq| fdvh/ rxu vlpxodwlrqv surylgh h{dpsohv ri
frqyhujhqfh ri vrph DH surfhvvhv wr wkh OVV olplw1
Wkh wlph sdwkv lq wkh odvw wzr h{dpsohv vkrz lq wkh vlpxodwlrqv pruh rvfloodwlrqv/ dv vhhpv wr
eh wkh fdvh lq wkh h{shulphqwdo gdwd/ wkdq wkh ￿uvw rqh1 Vrphwklqj wkdw fdq eh vdlg/ d sulrul/ rq wkh
zlwk wkh jxhvv lqvwhdg ri wkh dfwxdo h{ srvw pd{lpl}lqj vdylqjv ghflvlrq1 Wklv zd| ri sxwlqj wklqjv zrxog doorz
iru wkh srvvlelolw| ri pl{lqj wkh wzr fdxvhv ri xqfhuwdlqw| +udqgrp jxhvvhv dqg udqgrp sduwlflsdwlrq zlwk sulydwh
h{shulhqfh, wkdw duh dfwxdoo| suhvhqw1
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srvvleoh shuirupdqfh ri wkh gl￿huhqw yhuvlrqv ri wkh prghov/ kdv wr gr zlwk orrnlqj dw wkhp diwhu
lvrodwlqj wkhlu khwhurjhqhlw| h￿hfw1 Lq idfw/ wkh h￿hfw wkdw frphv iurp gl￿huhqw sduwlflsdwlrq wlphv/
dqg wkh xvh ri sulydwh h{shulhqfh/ zklfk wudqvodwhv lqwr huudwlf wlph sdwkv/ whqgv wr glvdsshdu dv
wlph jrhv rq1 Wklv lv gxh wr wkh rqjrlqj ohduqlqj surfhvv4: +Ri frxuvh/ vlqfh wkhuh lv d sdudphwulf
olplw/ udqgrpqhvv dovr glvdsshduv wrjhwkhu zlwk khwhurjhqhlw|1, Lvrodwlqj wkh khwhurjhqhlw| h￿hfw
kdv wr gr/ wkhq/ zlwk orrnlqj dw wkh vshfl￿f prgho zlwk krprjhqhrxv djhqwv/ dqg revhuylqj krz
wkh wlph sdwkv ehkdyh lq wkrvh fdvhv1 D ulfk prgho zrxog vkrz hqrxjk +ghwhuplqlvwlf, yduldelolw|/
lq rughu wr eh deoh wr uhsurgxfh fhuwdlq iuhtxhqflhv lq wkh gdwd1 D srru prgho/ lq frqwudvw/ zrxog
vkrz rqo| prqrwrqlf frqyhujhqfh1
Wkh dv|pswrwlf surshuwlhv ri wkh gl￿huhqfh htxdwlrq wkdw uhodwh ￿w.4 dqg ￿w lq wkh h{dpsohv
uhpdlq wr eh dqdo|}hg1 Lq wkh phdqwlph/ diwhu revhuylqj pdq| vlpxodwlrqv/ zh fdq vd| wkdw
wkh GVH dqg QDD prghov glvsod| ulfkhu ehkdylru wkdq wkh ROV rqh1 Wklv fdq eh vhhq/ iru
h{dpsoh/ li zh frpsduh sdqhov D dqg E ri Iljxuh 8/ zkhuh vlpxodwlrqv ri lq dwlrq wlph sdwkv
ri wkh krprjhqhrxv0djhqwv uhvshfwlyh yhuvlrqv ri wkrvh prghov duh vkrzq4;1 +Wkh fruuhvsrqglqj
4:L wdnh iru judqwhg/ dowkrxjk L gr qrw kdyh wkh lqglylgxdo gdwd wr frq￿up lw/ wkdw lqglylgxdov lq wkh dfwxdo
h{shulphqwv ohduq wrr/ wr pdnh wkh vdph vdylqjv ghflvlrq dv wkh hfrqrp|/ dv d zkroh/ grhv1
4;Lq idfw/ djhqwv duh qrw frpsohwho| krprjhqhrxv khuh1 Wkh| fdq eh pdgh krprjhqhrxv lq wkh ROV fdvh/ exw
qrw lq wkh rwkhu rqhv1 Wkh uhdvrq lv ehfdxvh lq wkh GVH fdvh/ iru h{dpsoh/ shrsoh fdq qrw sduwlflsdwh hyhu| shulrg/
ehfdxvh lq rughu iru wkh qhzeruqv wr wdnh wkh sd|r￿ h{shulhqfh ri wkhlu sduhqwv +zklfk lv xvhg lq wkhvh fdvhv,/ wkh|
qhhg fxuuhqw sulfh lqirupdwlrq/ zklfk lv qrw |hw dydlodeoh1 Lq rughu wr ryhufrph wklv sureohp L sxw wkh vdph jurxs
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judsk iru wkh QDD prgho lv doprvw lghqwlfdo wr wkh rqh iru wkh GVH prgho1, Zkloh rqh diwhu
dqrwkhu vlpxodwlrq ri wkh +krprjhqhrxv yhuvlrq ri wkh, ROV prgho h{klelwhg d sdwwhuq vlplodu wr
wkdw ri sdqho D ri Iljxuh 8/ edvlfdoo| doo vlpxodwlrqv ri wkh GVH prgho zlwk ￿w @ 4@w h{klelwhg/ rq
wkh frqwudu|/ dq rvfloodwru| sdwwhuq1 Rq wkh rwkhu kdqg/ wkh GVH dqg QDD prghov zlwk ￿w @ 4 ;w
ehkdyh lq d yhu| vlplodu zd| dv wkh Olqhdu ROV prgho/ dv fdq eh vhhq/ iru wkh fdvh ri wkh GVH
phwkrg/ lq Iljxuh 9/ zlwk wkh vdph sdudphwhuv rwkhu wkdq ￿w1 Wklv vkrzv wkdw wkhvh odvw wzr
prghov duh deoh wr uhsurgxfh edvlfdoo| doo wkh fdvhv/ li wkh surshu ohduqlqj udwhv duh vhw lq sodfh1
Wkh h￿hfwv ri wkh nlqg ri khwhurjhqhlw| wr zklfk L dsshdo khuh lq rughu wr h{sodlq wudqvlwlrqdo
g|qdplfv pljkw zhoo glvdsshdu li wkh qxpehu ri djhqwv dssurdfkhv lq￿qlw| dqg lv glvwulexwhg lq
d vxlwdeoh zd|1 Dw wkh djjuhjdwh ohyho/ zh fdq hqg xs lq wklv iudphzrun zlwk d udwlrqdo nlqg
ri ehkdylru ri wkh zkroh hfrqrp| hyhq lq wudqvlwlrqdo shulrgv lq zklfk wkh lqglylgxdo djhqwv
wkhpvhoyhv duh ohduqlqj wr ehkdyh udwlrqdoo|1 +Wkh| zrxog eh ohduqlqj wr pdnh wkh vdph ghflvlrq
wkdw/ rq dyhudjh/ doo wkh djhqwv wrjhwkhu duh pdnlqj lq hyhu| shulrg$, Lw zrxog eh lqwhuhvwlqj wr ￿qg
rxw zkhwkhu wkdw dfwxdoo| rffxuv lq h{shulphqwv zkhuh wkh qxpehu ri vxemhfwv whqgv wr eh odujh1
ri shrsoh wr sduwlflsdwh hyhu| rwkhu shulrg/ iru hyhu| prgho1 Wklv lv wkh forvhvw dssur{lpdwlrq wr krprjhqhlw| zh
fdq pdnh iru wkh VGH dqg QDD phwkrgv/ dqg vr/ iru frpsdudelolw|/ L vhw wkh sduwlflsdwlrq wlphv wr eh rgg￿hyhq lq
wkh ROV prgho dv zhoo1 Lw wxuqv rxw wkdw wkh wlph sdwkv zlwk rgg￿hyhq sduwlflsdwlrq kdyh wkh vdph jhqhudo vkdsh
lq wklv odwwhu prgho dv lq wkh sdwkv zlwk frpsohwho| krprjhqhrxv djhqwv/ dq|zd|1 Wklv fdq eh vhhq e| frpsdulqj
sdqhov D ri Iljxuh 8/ dqg Iljxuh 5/ zkhuh wkh vdph / lv xvhg/ exw uhdoo| krprjhqhrxv djhqwv +lq wkh vhqvh wkdw
wkh| xvh doo wkh ￿frpprq￿ lqirupdwlrq, sduwlflsdwh1
5:Iru wkh fdvh ri ￿qlwh dqg uhodwlyho| vpdoo qxpehu ri h{shulphqwdo vxemhfwv/ rxu prgho vhhpv wr
fdswxuh wkh pdlq ihdwxuhv revhuyhg lq wudqvlwlrqdo shulrgv/ nhhslqj dvvxpswlrqv rq djhqw ehkdylru
forvh wr wkh h{shulphqwdo ghvljq1
Lw lv wkh fdvh wkdw wkh huudwlf rvfloodwlrqv wkdw uhvxow iurp wkh suhvhqw iudphzrun fdq eh rewdlqhg
lq dq htxlydohqw irup xvlqj vrph nlqg ri lglrv|qfudwlf vkrfnv durxqg d krprjhqhrxv ghflvlrq/ ru
vlpso| e| dvvxplqj wkdw wkh uxohv il ghshqghg rq wlph dqg duh vwrfkdvwlf1 Wkh lqwhuhvwlqj ihdwxuh
ri p| prgho zrxog eh wr h{sodlq lq d vlpsoh dqg lqwxlwlyho| dsshdolqj zd| zkhuh wkrvh vkrfnv
frxog frph iurp rwkhu wkdq iurp h{shulphqwdwlrq/ dqg wr looxvwudwh krz zrxog zh eh deoh wr kdq0
goh d ydulhw| ri fdvhv lq rughu wr frpsduh zlwk wkh gdwd4<1 Lw lv olnh wkh jhqhudo htxloleulxp prghov
xvhg wr pdwfk djjuhjdwh gdwd ri wkh hfrqrp|= lq htxloleulxp/ wkh uhvxowlqj prgho lv htxlydohqw wr
d +frpprqo| olqhdu, hfrqrphwulf prgho wkdw frxog eh vhw xs dg krf1 Wkh lqwhuhvw ri vxfk d prgho
zrxog frph iurp lwv sdudphwhuv/ dqg lwv lqwhusuhwdwlrq/ zklfk frphv iurp lwv xqghuo|lqj prgho
+suhihuhqfhv/ whfkqrorj|/ ghflvlrq pdnlqj yduldeohv/ dqg vr rq,1
9F r qfoxvlrq
Wkh wkhruhwlfdo iudphzrun wkdw L vhw xs lq rughu wr lqwhusuhw wkh h{shulphqwv doorzv iru dq lqwhu0
hvwlqj dgglwlrqdo lqwhusuhwdwlrq ri wkh vxemhfwv*v ehkdylru/ douhdg| nqrzq wr eh dgdswlyh lq jhqhudo
whupv/ dv vkrzq lq ^48‘1 Iru rqh wklqj/ udqgrpqhvv lwvhoi zrxog eh jhqhudwhg e| wkh idfw wkdw wkh
h{shulphqwdo djhqwv zrxog fduh pruh derxw zkdw wkh| kdyh shuvrqdoo| zlwqhvvhg lq wkh sdvw wkdq
derxw zkdw wkh| duh wrog +dqg wkh| nqrz lv wuxh,/ hyhq wkrxjk wklv lqirupdwlrq pljkw eh pruh
uhyhdolqj derxw wkh ixwxuh1 Wklv lqwhusuhwdwlrq ri wkh gdwd srlqwv wr d ixuwkhu ohyho ri erxqghg
udwlrqdolw| lq h{shulphqwdo vxemhfwv pruh jhqhudoo|1
Lq sduwlfxodu/ L kdyh vhw xs d iudphzrun iru wkh ROJ prgho zlwkrxw surgxfwlylw| ru suhihuhqfh
vkrfnv/ lq rughu wr eh deoh wr frqvlghu dqg frpsduh wr h{shulphqwdo gdwd wkh djjuhjdwh h￿hfwv ri
lqglylgxdo gl￿huhqfhv ehwzhhq wkh sduwlflsdwlqj djhqwv1 Wkh iudphzrun lqfoxghv eholhiv/ lqirupd0
wlrq vhwv dqg d prgho ri wlph sduwlflsdwlrq1 DD￿nlqg ri prghov duh mxvwl￿hg lq wklv iudphzrun dv
prghov wkdw ghvfuleh wkh h{shulphqwdo ihdwxuhv ri ohduqlqj dqg htxloleulxp vhohfwlrq1 Lw lv vkrzq
wkdw li djhqwv xvh vlpsoh +dv rssrvhg wr pl{hg ru h{shulphqwlqj, dgdswlyh uxohv/ uhsuhvhqwdwlyh
djhqw DD prghov ªo dPdufhw￿Vdujhqw duh qrw dssursuldwh wr ghvfuleh wkh xqfhuwdlqw| lqkhuhqw
lq hfrqrplf h{shulphqwv lq zklfk gl￿huhqw lqglylgxdov sduwlflsdwh1 Lw lv vkrzq/ ixuwkhupruh/ wkdw
khwhurjhqhlw| lq ohduqlqj uxohv lv qrw vx!flhqw lq wkhvh nlqgv ri prghov wr gholyhu vwrfkdvwlf￿olnh
wlph sdwkv li djhqwv sduwlflsdwh dw hyhu| shulrg lq wkh hfrqrp|1 Pruh lpsruwdqwo|/ lw lv vkrzq wkdw
li djhqwv kdyh gl￿huhqw wxuqv wr sduwlflsdwh dqg xvh vlpsoh dgdswlyh uxohv/ wkh rqo| zd| iru wkh
hfrqrp| wr vkrz huudwlf rvfloodwlrqv ryhu wlph lv iru djhqwv qrw wr xvh rqo| sxeolf lqirupdwlrq wr
irup wkhlu hvwlpdwlrqv zkhq wkh| xvh wkhlu ohduqlqj dojrulwkpv1 Wkh xvh ri gdwd h{shulhqfhg zkhq
djhqwv sduwlflsdwh/ hyhq wkrxjk uh hfwlqj ixuwkhu odfn ri udwlrqdolw|/ lv vkrzq wr eh hvvhqwldo wr
4<L dovr vxjjhvw d zd| ri lqfoxglqj lq wkh prgho udqgrp jxhvvhv1
5;surgxfh wkh lqkhuhqw xqfhuwdlqw| suhvhqw lq wkh gdwd/ xqghu wkh dvvxpswlrq wkdw djhqwv wkhpvhoyhv
gr qrw h{shulphqw zkhq pdnlqj ghflvlrqv1
Lq d srvlwlyh oljkw/ wkhvh idfwv vkrz wkdw wkhuh lv qrwklqj lqkhuhqwo| edg derxw wkh DD￿nlqg ri
prghov wr uhsurgxfh h{shulphqwdo gdwd dqg slqsrlqw/ dw wkh vdph wlph/ fruuhfw prgl￿fdwlrqv lq
rughu wr h{sodlq uhdolw|1 Dowkrxjk wkh JD kdv ehhq sxw iruzdug lq ^6‘ wr prgho/ lq dq hqwluho| gli0
ihuhqw zd|/ wkh h{shulphqwdo ihdwxuhv ri huudwlf rvfloodwlrqv dqg htxloleulxp vhohfwlrq/ zh kljkoljkw
wkdw/ dv lw lv/ wkdw prgho uhtxluhv d nlqg ri lqglylgxdo lqwhudfwlrq qrw suhvhqw lq wkh h{shulphqwdo
hqylurqphqwv1 Rxu yhuvlrq ri wkh DDv dghtxdwho| uhsurgxfhv wkrvh h{shulphqwdo ihdwxuhv/ zkloh
nhhslqj wkh dvvxpswlrqv rq djhqw ehkdylru forvh wr wkh h{shulphqwdo ghvljq1 Lw lv wkdw uhsurgxfwlrq
ihdwxuh zkdw jlyhv vwuhqjwk wr wkh ixuwkhu erxqghg udwlrqdolw| lqwhusuhwdwlrq/ vkhgglqj oljkw iru
prgholqj ehkdylru rq gl￿huhqw vhwwlqjv1 Wkh sduwlflsdwlrq prgho lwvhoi uhsurgxfhv dq lpsruwdqw
ihdwxuh ri uhdo olih/ dqg pljkw eh ri xvh lq rwkhu frqwh{wv1 Wr eh vxuh/ lw pljkw eh xvhixo lq whvwlqj
iru wkh xwlol}dwlrq ri sulydwh yv sxeolf lqirupdwlrq e| vxemhfwv/ dv idu dv zh duh deoh wr frqwuro iru
h{shulphqwdwlrq1
Vlpxodwlrqv ri rxu h{dpsohv ri dgdswlyh prghov duh suhvhqwhg lq rughu wr vkrz krz wkh prgho
uhsurgxfhv wkh h{shulphqwdo ihdwxuhv ri htxloleulxp vhohfwlrq dqg huudwlf rvfloodwlrqv1 Lq dgglwlrq/
wkh h{dpsohv surylghg looxvwudwh wkh nlqg ri fdoleudwlrq h{huflvh rqh frxog shuirup xvlqj wkh prgho/
e| prgli|lqj rswlpdoo| ohduqlqj udwhv/ lqlwldo frqglwlrqv dqg sduwlflsdwlrq wlphv1 Lq wkh ￿uvw
h{dpsoh/ djhqwv duh dvvxphg wr hvwlpdwh wkh qh{w shulrg*v sulfh xvlqj ROV zlwk sdvw sulfhv dqg
pdnlqj vdylqjv ghflvlrqv lq rughu wr pd{lpl}h wkh xwlolw| wkdw frphv iurp eholhylqj wkh surmhfwhg
sulfh1 Lq vlpxodwlrqv zh frpsduh wkh fdvh lq zklfk djhqwv xvh doo sxeolfo| dydlodeoh sulfhv lq
wkhlu iruhfdvw/ +wkh uhsuhvhqwdwlyh djhqw prgho/ lw wxuqv rxw,/ zlwk wkh rqh lq zklfk wkhp xvh
rqo| wkh h{shulhqfhg rqhv1 Dv h{shfwhg iurp wkh wkhru|/ wkh wlph sdwkv lq wkh ￿uvw fdvh duh
vprrwk/ zkloh lq wkh vhfrqg duh huudwlf/ exw frqyhujlqj wr wkh uljkw olplw1 Lq wkh vhfrqg dqg wklug
h{dpsohv/ shrsoh gr qrw pd{lpl}h exw dgmxvw vdylqjv dv li dssur{lpdwlqj pd{lpl}dwlrq/ zkloh
kdylqj p|rslf eholhiv derxw lq dwlrq udwhv1 Wkhvh wzr odvw h{dpsohv gl￿hu rqo| lq wkh frpsoh{lw|
ri wkh fdofxodwlrqv qhhghg wr pdnh d ghflvlrq1 Wkh wklug h{dpsoh lv sduwlfxoduo| vlpsoh lq wklv
uhjdug/ dqg uhsurgxfhv edvlfdoo| wkh vdph nlqg ri wlph sdwkv lq vlpxodwlrqv dv wkh vhfrqg/ lq d
zlgh ydulhw| ri flufxpvwdqfhv1
Zh xvh vlpxodwlrqv lq rughu wr looxvwudwh wkdw wkh odvw wzr h{dpsohv kdyh pruh ulfkqhvv wkdq
wkh ROV prgho1 Wkh ulfkqhvv uhihuv wr wkh idfw wkdw khlu xqghuo|lqj ghwhuplqlvwlf surfhvv lv deoh wr
vkrz/ dowhuqdwlyho|/ prqrwrqlf ru shuvlvwhqw rvfloodwru| ehkdylru/ ghshqglqj rq wkh ohduqlqj udwhv
fkrvhq1 Wklv frqwudvwv zlwk wkh ROV prgho/ zklfk vkrzv rqo| prqrwrqlf frqyhujhqw sdwkv diwhu
d frxsoh ri lqlwldo rvfloodwlrqv1
Rxu frqfoxvlrqv fdoo iru h{shulphqwv lq rughu wr shuirup d pruh fduhixo whvw ri wkh xvh ri sulydwh
h{shulhqfh yhuvxv sxeolf lqirupdwlrq1 D srvvleoh zd| wr gr wklv lv wr doorz vxemhfwv rqo| wr xvh
vrph sursrvhg uxohv +rqh ￿{hg shu lqglylgxdo,/ frqvlghuhg uhdolvwlf iurp rwkhu vwxglhv/ dqg vhw xs
wkh udqgrp sduwlflsdwlrq/ dv lq wkh Pdulprq0Vxqghu h{shulphqwv1 Lqflghqwdoo|/ hyhq wkrxjk wkh
dqdo|vlv zdv grqh lq dq ryhuodsslqj jhqhudwlrqv prgho/ wkh dqdo|wlfdo frqfoxvlrqv hdvlo| h{whqg wr
prghov zlwk lq￿qlwho| olyhg djhqwv dqg fdvk0lq0dgydqfh frqvwudlqwv1 Dq h{shulphqwdo ghvljq iru
wklv fdvh/ wkrxjk/ uhpdlqv wr eh fduulhg rxw1
5<D Dsshqgl{= Derxw wkh Vlpxodwlrqv
Lq wkh vlpxodwlrqv L zloo xvh wkh sdudphwhuv ri wkh h{shulphqw qxpehu 5 shuiruphg lq ^48‘1 Dv
zh nqrz/ wkh| shuirup d wrwdo ri 46 h{shulphqwv/ dqg lq wklv fdvh/ wkh qxpehu ri sduwlflsdqwv lv
45 shrsoh +Q @ 45,/ rxw ri zklfk 6 duh fkrvhq/ dw udqgrp/ wr sduwlflsdwh dv |rxqj hyhu| shulrg
+q @6 ,/ pdnlqj vxuh qrerg| olyhv wzr olyhv lq d urz1 Wkh hqgrzphqwv ri fklsv duh : zkhq
|rxqj/ dqg 4 zkhq rog +Z4 @ :> Z5 @4 ,> wkh dprxqw ri prqh| jlyhq wr hdfk lqlwldo rog lv
61:55 +k3 @ 6=:55,> wkh uhdo gh￿flw shu |rxqj lv 4158 hyhu| shulrg +g @4 =58, dqg wkh glvfrxqw
udwh lv 4 +￿ @ 4,1 Zlwk wkhvh sdudphwhuv/ wkh OVV vdylqjv shu fdslwd dqg lq dwlrq udwh xqghu wkh
UHH dvvxpswlrqv duh/ uhvshfwlyho|/ vO @5183 dqg ￿O @51 Wkh fruuhvsrqglqj ydoxhv iru wkh KVV
htxloleulxp duh/ uhvshfwlyho|/ vK @41:8 dqg ￿K @61831 Wkh ydoxhv iru wkhvh lq dwlrq udwhv fdq eh
vhhq lqwhufhswlqj wkh 78 ghjuhh olqh lq Iljxuh 4/ zkhuh wkh w|slfdo Udwlrqdo H{shfwdwlrqv ￿uvw rughu
gl￿huhqfh htxdwlrq lq wkrvh yduldeohv lv uhsuhvhqwhg/ iru wkh deryh sdudphwhuv1
Wkh vlpxodwlrqv zhuh jhqhudwhg e| d Pdwode surjudp wkdw iroorzv wkh lqglfdwlrqv rxwolqhg lq
wkh irupdol}dwlrqv suhvhqwhg lq suhylrxv vhfwlrqv1 Lq sduwlfxodu/ yhuvlrqv ri wkh ROV/ QDD dqg GVH
h{dpsohv duh vlpxodwhg1 Sduwlflsdwlrq wlphv duh glfwdwhg e| dq lqlwldo $/ zklfk lv d 5q e| W +wkh
wrwdo qxpehu ri shulrgv, pdwul{ lqglfdwlqj lq wkh l>m hqwu| wkh lqglylgxdo lq wkh vhw i4>5>===>Qj
zkr sduwlflsdwhv lq shulrg m=l il 5 i4>5>===>qj dv dq rog/ dqg li l 5 iq . 4>q.5 >===>5qj dv
d |rxqj shuvrq1 \rxqj shrsoh duh fkrvhq hyhu| shulrg/ hdfk lqglylgxdo zlwk htxdo suredelolw| ri
ehlqj fkrvhq/ dprqj wkh Q ￿ 5q shrsoh wkdw duh qrw rog lq wkdw shulrg/ dqg zhuh qrw rog lq wkh
suhylrxv rqh/ lq rughu wr iroorz wkh h{shulphqwdo ghvljq1 Rqfh d surjudp wkdw ghwhuplqhv wkh
vwrsslqj wlphv dqg fxpxodwlyh wxuq lqgh{hv lv uxq/ wkh hfrqrp| ghyhorsv/ diwhu udqgrp lqlwldo
vdylqjv ghflvlrqv= Dw dq| jlyhq shulrg/ hdfk vhohfwhg djhqw xvhv wkh dojrulwkp ri wkh h{dpsoh
ehlqj vlpxodwhg/ zkhq klv ru khu wlph wr sduwlflsdwh duulyhv/ lqfrusrudwlqj wkh sulydwh ru sxeolf
h{shulhqfh dffxpxodwhg lq wkhlu ghflvlrq pdnlqj/ dffruglqj wr wkh dvvxpswlrq lq sodfh1 Pdunhwv
wkhq fohdu +jryhuqphqw*v fxuuhqw prqhwdu| gh￿flw soxv rog shrsoh*v prqh| vxsso| htxdov |rxqj
shrsoh*v prqh| ghpdqg iru vdylqjv,/ surgxflqj dq htxloleulxp sulfh1 Qh{w shulrg/ wkh qhzo|
vhohfwhg djhqwv pdnh wkhlu ghflvlrqv/ dqg wkh surfhvv uhshdwv lwvhoi djdlq dqg djdlq/ xqwlo wkh odvw
shulrg/ zklfk qrerg| nqrzv ehiruh kdqg1
Diwhu pdq| vlpxodwlrqv/ zh revhuyh wkdw rxu yhuvlrqv duh ohvv vwdeoh wkdq yhuvlrqv zlwk krpr0
jhqhrxv djhqwv/ lq wkh vhqvh wkdw wkhuh duh lqlwldo frqglwlrqv wkdw jxdudqwhh frqyhujhqfh lq wkh
prghov zlwk krprjhqhrxv djhqwv/ exw wkdw jhqhudwh glyhujhqw vhtxhqfhv lq wkh prghov zlwk khw0
hurjhqhrxv djhqwv1 Hyhq wkrxjk glyhujlqj fdvhv zkhuh yhu| uduh/ wklv ihdwxuh lv d frvw zh kdyh
wr sd| lq rughu wr eh deoh wr uhsurgxfh d pxfk pruh frpsoh{ dqg xqvwdeoh zruog wkdq wkh rqh
h{sodlqhg e| wkh suhylrxv prghov wkdw vkrz frqyhujhqfh/ exw vprrwk wlph sdwkv/ ru hyhq wkh rqhv
wkdw xvh h{shulphqwdwlrq zlwk frqwuroohg huuruv1
Li rqh zdqwhg wr gr fdoleudwlrq wr wkh h{shulphqwdo gdwd/ ohduqlqj udwhv/ lqlwldo frqglwlrqv
dqg sduwlflsdwlrq wlphv frxog eh fkrvhq rswlpdoo| wr ￿w wkh gdwd/ iru d jlyhq phwkrg/ dqg wkh
jrrgqhvv ri ￿w/ li frqvlvwhqw wkurxjk doo wkh h{shulphqwv/ frxog eh xvhg wr dujxh iru rqh phwkrg
ryhu wkh rwkhuv dv d prgho ri dfwxdo ehkdylru1 Wklv lv looxvwudwhg lq ^4:‘1 Xqiruwxqdwho|/ lqglylgxdo
sduwlflsdwlrq gdwhv dqg lqglylgxdo lqlwldo frqglwlrqv/ zklfk duh ixqgdphqwdo iru fdoleudwlrq lq
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